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Preface

This guideline was developed as an aid to help in the understanding of

Microelectromechanical Systems (MEMS) reliability and to facilitate the insertion of this

technology into high reliability applications. Modeled after the GaAs MMIC Reliability

Assurance Guideline for Space Applications by Kayali et al., it was felt that a guideline

would be more advantageous to people than a strict specification. With the MEMS

industry as diverse as it is today, it seemed presumptuous to lay out specific tests for

every MEMS device inserted into space as that kind of document would be unduly

constrictive to some applications. Rather this document was intended as a MEMS

educational guide, offering descriptions of the most common devices and technologies

and the steps required to meet the demands of the space environment.

The focus of this guide is upon methods rather than tests and as such, it is

assumed that the ultimate responsibility for reliability lies in the hands of the user.

Ultimately it is felt that the designers and the customers will have to reach an

understanding as to the exact qualification needs of a particular device.

The guideline begins with a chapter on the recent developments in the field of

MEMS and the need for an understanding of related reliability issues. Chapter 2 offers a

basic review of reliability models and of semiconductor failure distributions. This

chapter is intended to aid the reader in understanding the meaning of reliability tests in

general, and how they may apply to MEMS.

Chapter 3 describes the known failure mechanisms that have been characterized

in MEMS technology. While the bulk of the chapter is dedicated to mechanical fracture,

it must be understood that each failure mechanism will have a different level of

predominance on different devices. Chapter 4 describes the basic material properties of

common MEMS materials and relates these to the theory presented in Chapter 3.

Chapter 5 provides a description of common MEMS processing techniques. Both

the discrete steps used to make the devices and the combination of those steps into a

coherent process are discussed. A description of common MEMS device elements is

presented in Chapter 6, along with relevant reliability concerns.

Chapter 7 discusses methods for modeling structure using finite element analysis.

Chapter 8 involves reliability issues in packaging. Chapter 9 describes common test
structures used to characterize the materials properties and structures discussed in

Chapters 3 and 6.

Finally Chapter 10 offers a summary of the ways to use the information from the

previous chapters to develop a reliable, space qualified, MEMS device. The information
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in this document is only a compilation of much deeper works and it is felt that users of

this guideline should reference other documents listed throughout this guideline in the

process of furthering MEMS reliability.

I would also like to thank the people involved in the production of this document.

Sammy Kayali provided both technical advice and moral support throughout the arduous

process of writing this guideline. Joseph Bernstein helped in the organization of the

guideline and helped me to understand the material in Chapter 2. Bill Tang of the Micro

Devices Laboratory at JPL gave great help in the processing area and lent his general

expertise to improving the quality of the guideline. Dave Gerke, the resident packaging

expert at JPL, was instrumental in producing the material on packaging issues in MEMS.

Jim Newell and Kin Man in the Engineering Technology section at JPL provided

invaluable modeling and dynamic testing material for the guideline. Finally, Thomas

Kenny proofread the document and provided valuable feedback in the editing phase.

I would also like to acknowledge those people that did not contribute to the

document itself, but who helped to make it possible through their encouragement.

Russell Lawton, as the PI for MEMS Reliability at JPL, procured the funding for this

document and acquired many of the images contained herein. Noel MacDonald, an

electrical engineering professor at Cornell, provided the academic encouragement to

enter into this emerging field and, without his teaching, this document would never have

been produced. Norman Tien, also an electrical engineering professor at Comell, helped

by explaining some complicated issues in the field of surface micromachining. Rishi

Khanna, Valdis Rigdon, and Dipak Srinivasan, also of Comell, provided the incentive to

start writing this document back in December of 1996. Greg Radighieri of Texas A&M

also helped through his input and valuable insight into mechanical engineering issues.

Brian Stark

August 1998
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Abstract

This guide is a reference for understanding the various aspects of

microelectromechanical systems, or MEMS, with an emphasis on device reliability.

Material properties, failure mechanisms, processing techniques, device structures, and

packaging techniques common to MEMS are addressed in detail. Design and

qualification methodologies provide the reader with the means to develop suitable

qualification plans for the insertion of MEMS into the space environment.
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Chapter 1: Introduction

B. Stark and W. C. Tang

This chapter offers a brief description of the MEMS industry as it stands today.

Assuming no familiarity with the subject matter, it explains the basic concepts behind

MEMS and how they are being applied to meet current technological challenges in

different markets. This chapter also describes the basic methodology that will be applied

throughout this book towards qualifying a high-reliability MEMS device.

I. A Brief Description of MEMS

MEMS is an acronym that stands for microelectromechanical systems. It is a

broad term that encompasses a fairly nebulous group of products. Essentially, MEMS

are any product, ranging in size from a micron to a centimeter, that combines mechanical

and electrical structures. Although the possible scope of MEMS is fairly limitless, for the

sake of conventions and the need for brevity, this book will only address the more

common MEMS technologies.

Initially MEMS developed from technologies used in the semiconductor industry

for the production of electronic circuits. Less than 10 years alter the invention of the

integrated circuit, H. C. Nathanson used microelectronic fabrication techniques to make

the world's first micromechanical device.[2] By the early 1980s, due to massive

improvements in processing technologies, micromechanical devices grew in popularity.

In the ensuing years, a new industry was born, where electromechanical systems could be

realized on micrometer scales. The result Was a whole new class of sensors and actuators

that performed common tasks on smaller scales that were ideally suited for mass

production.

MEMS, in its most conventional sense, refers to a class of batch-fabricated

devices that utilize both mechanical and electrical components to simulate macroscopic

devices on a microscopic scale. This guideline focuses upon the conventional definition

of MEMS. The essence of MEMS is that they are small devices that perform mechanical

tasks in ways and, more importantly, in quantities that conventional devices cannot.

H. The Potential of MEMS

In the wake of the explosion of the microprocessor in the early eighties, the

semiconductor industry revealed its immutable law that smaller is better. With

economies of scale turning tiny firms into industrial behemoths, it became evident that

mass miniaturization, along with mass distribution, could produce huge revenues and



substantivelychahgethedaily livesof averagecitizens. Given theunmitigatedsuccessof
themicrocircuit, it becameonly a matterof time beforetechnologieswould emergethat
couldbring machinesto themicroscopicworld andproducesimilar results. With MEMS
poised to do for machineswhat the transistordid for computers,therehasbeena vast
explosionof interest,andthusfunding, in MEMS research.

MEMS areusedto perform the tasksof macroscopic devices at a fraction of the

cost and with, occasionally, improved functionality and performance. By using simple

mechanical structures and tailoring integrated circuits to suit specific tasks, designers

have seen a drastic reduction in device scales and the implementations of functions that

were previously unrealized. Their size alone makes them attractive for limited mass

applications, with the automotive, biomedical, communications, data storage, and

aerospace industries taking a keen interest in MEMS developments. Far more promising,

though, is the possible reduction in costs offered by MEMS. By combining increasing

throughput with fixed cost structures, manufacturers can linearly reduce prices by a

comparable production increase. Offering economies unique to the semiconductor

industry, MEMS have the potential to revolutionize the industrial age.

The effects of MEMS could enact sweeping reforms within the space industry.

NASA hopes to eventually phase out the large satellites that it employs to reach the

farthest points in the solar system. With every kilogram sent to Mars costing upwards of

one million dollars, the potential of sending a fully integrated spacecraft weighing a few

Figure 1-1: A partially packaged microgyroscope developed at JPL.
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kilograms instead of the thousands of kilos offers significant monetary benefits. With

MEMS capable of performing certain functions of macroscopic devices, the benefit of

cutting the cost of research missions cannot be understated given this era of shrinking

budgets. Space applications of MEMS are only a sr_all part of their full potential.

MEMS are also capable of revolutionizing the information age by changing the daily

fabric of our terrestrial existence.

III. Current MEMS Technologies

Understanding the stated advantages of MEMS, designers have started developing

a range of products to suit their needs. The first major MEMS to hit markets were

pressure sensors for engine control in cars. This development was followed by the
introduction of microaccelerometers, which were pioneered to provide zero-fault air bag

deployment systems. Integrating a diagnostic circuit into a sensor, engineers were able to

produce a device that could not only sense acceleration but that could also detect internal

failures. Replacing a faulty system based on ball beatings and plastic tubing that was

prone to misfire, these devices swept through the automotive industry. Building from the

technological, as well as commercial, success of these initial designs, engineers have

developed MEMS to act as a wide variety of motion sensors. Recently intense research

has been conducted into producing microgyroscopes as part of a fully integrated inertial

reference unit. Development has also commenced, seismometers, anemometers,

temperature sensors, pressure sensors, and hygrometers which, when incorporated with

accelerometers, could provide miniaturized weather stations.

MEMS have also shown promise for aerospace applications. Research into

magnetometers shows that it may be possible to build devices that far outperform

traditional solid-state sensors, which could provide cost saving reductions in the weight

of spacecraft. Furthermore, the bulky propulsion systems in modern satellites will be

phased out by advances in micropropulsion coming from new generations of ion drives

and microthrusters. Recent developments at universities have shown that MEMS

microactuators, when placed upon the leading edge of aircraft, can offer significant drag

reduction and thus increase fuel efficiency.[182] Some even more interesting research

has led to the design of a MEMS controlled aircraft, where control surfaces are replaced

by micromachines, which ceuld offer unprecedented control and diagnostic capabilities.

One of the more promising fields within MEMS is the concept of optical MEMS.

Using micromirrors placed on top of memory arrays, researchers have developed a

television projection unit on a semiconductor wafer that has all the functionality of a

cathode ray tube.[3] Another promising development is in the field of optical switches.

Conventional optical switching networks are costly and, with the forecasted growth in

optical communications systems, cheaper alternatives are at a premium. Multiple groups

have developed MEMS-based optical switches that can be produced at a fraction of the

cost of conventional systems.



With the digital age largely upon the American public, MEMS are poised to offer

greater improvements in computer technology. Given that power dissipation of the

average microprocessor increases with every generation of microchip, microtubules

research has been initiated to attempt to find better ways to conduct heat away from

integrated circuits. MEMS structures have also been developed as microprobes for

integrated circuits.[10] Using MEMS, it may be possible to take point contact voltage

and current measurements on microprocessors. Another exciting development has been

the pioneering of nanometer scale data storage. With miniaturized tunneling tips now

possible, engineers have developed systems that could eventually store information at

commercially competitive speeds in an area twenty nanometers on a side.

Another field that shows promise is the development of biological sensors.

MEMS provides an opportunity for the development of new sensors to monitor the

human environment. Researchers at JPL have begun to develop MEMS-based pills that

can provide information about the digestive system. Another interesting application of

MEMS has been in the development of new biological instruments. Researchers have,

among other developments, produced probes to measure the strength of the human heart
ce11.[183]

While the potentials of MEMS are almost limitless, production of commercial

parts has been heretofore limited. MEMS, as products of a young industry, remain

largely prototypical. While their potential have been demonstrated their actual

implementation has been relatively scarce, with commercial successes still the exception

rather than the rule. In order for this rapid growth to be realized, the field of MEMS

reliability will need to rapidly mature.

IV. The Need for, and Role of, MEMS Reliability

With MEMS still in their infancy, the question has been posed as to the need for

reliability issues in MEMS. The goal of this book is not just to provide reliability

information for the current designers but to set the standard for reliability in MEMS for

the foreseeable future. Given the almost unstoppable commercialization of MEMS,

reliability issues that have previously been ignored are destined to become of paramount

importance. Researchers at NASA feel that these issues must be raised in unison with the

development of MEMS in order to assure their rapid insertion into industrial and space

applications. Understanding the future of the MEMS industry, it would be shortsighted
to ignore the importance of reliability.

In confronting the issues of MEMS reliability assurance, users will certainly have

different requirements and this book could not hope to address them all. Undoubtedly a

Martian probe will have a different set of requirements and specifications than a

communications satellite, but there will be similar methodologies for assessing

qualification for both. This book is designed to utilize basic similarities in design
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requirementsto provide a means of developing high-reliability MEMS parts. In order to

produce a high reliability, or high-rel, part one must not only examine the device itself,

but one must also examine the entire process surrounding the part, from conception to

finish. This means that the process must be qualified, with the supplier fully

investigated, the design verified, and the packaging certified. This book lays out the

methods to perform this task in an efficient manner that ensures the development of a

high reliability part without enforcing cumbersome specifications.

V. Additional Reading

Helvajian, H. ed. Microen_neering Technology for Space System.s, The Aerospace

Corporation Report Number ATR-95(8168)-2, E1 Segundo, CA (September 30, 1995).

O'Rourke, L. Space Applications For Micro & Nano-technologies, European Space

Agency, Noordwijk, The Netherlands (April 1997).





Chapter 2: Reliability Overview

B. Stark and J. Bemstein

Reliability is understood in modem times as the probability that an item will

perform its required task for a set amotmt of time. Reliability is ultimately a measure of

the rate at which things fail and can be used to make intelligent predictions about the

performance of a system. If the assumption is made that a system is operating at time t =

0, and a time T is defined as the time to failure, then it is possible to define the

complementary failure and reliability rates as:

F(t)- P{T <t (2-1a)

R(T) - P{T > t} = 1 - F(t)
(2-1b)

where

P {a} = The probability that the event 'a' will occur

F(t) = The probability that a system fails in [0,t]

R(t) = The probability that a system survives until time t

From probability theory, it is known that F(t) and R(t) are non-negative and that

F(0) = 0 and F(oo) = 1, since all parts will eventually fail. A good measure of reliability

in the interval (t,t+At] is the probability that a system does not fail in the internal (t,t+At],

given that it has not failed by time t, which is written as:

P{T _ (t,t + AtilT > t} (2-2)

this quantity is known as the conditional reliability of a system of age t, represented by

the expression R(Atit) and is related to R(t) by Equation 2-3.

R(At It) = R(t + At) (2-3)
R(t)

It should be apparent that R(Atl0)=R(At), since R(0)--1, as defined earlier.



I. Reliability Measures

The main challenge of reliability analysis is to quantify a system's reliability.

This can be done in a number of ways by utilizing some important probability principles.

When data from a reliability test is first collected, it is plotted as failure versus time.

This plot is usually smoothed by fitting the reliability data to established reliability

models, which are discussed later in the chapter. After this is done, the probability

density function, or pdf, is determined.

A. Probability Density Function

The measure of the probability of failure around a point in time, t, is represented

by the probability density function of T:

f(t) - dF(t) = lim F(t + At) - F(t)
art A,-+o At

(2-4)

which can be rewritten as:

B. Failure Rate

The instantaneous failure rate is defined as:

P{t < T < t + Atlr >t}
2(0 lira

_-_o At

2(0 lira P_<T<-t+At}= ==_
_ AtP_" > t}

1 F(t + At)- F(t) f(t)
2(t) = m lim =

R(t) _,-_o At R(t)

Since k(t) = f(t)/R(t), it is also possible to define 3.(t) by:

2(t) 1 dR(t)= =_
R(t) dt

2(t) = -d(In R(t))

(2-5a)

(2-5b)

(2-5c)

(2-6a)

(2-6b)

f(t) is, for a small At, approximately equal to the probability of failure in the time interval

[t,t+At]. Once f(t) is found by whatever approximation is made for the failure function,

one can determine the failure rate, which is the same as the reliability rate.



Thiscanberearrangedto give:

t

ln(R(t)) - ln(R(0)) = - _2(T)dT (2-6c)
0

Thus, given that R(0) = 1, it is possible to determine R(t) as a function of X as:

t

-f_{r)dr (2-7)

R(t) = e °

So, if X is constant for a period of time, the reliability function is:

R(t) = e -a' (2-8)

which is the exponential model of reliability. However, for most systems, the failure rate

is not constant with time. In fact, the change of _, with time becomes one of the most

important reliability measures. A decreasing _, indicates improvement with time, while

an increasing _, indicates wear-out and a reduction in reliability over time.

C. The Bathtub Curve

By looking at a plot of failure rate over time, it is possible to derive substantive

information about reliability. From experience in the semiconductor industry, it has

been shown that most devices, including MEMS,[50] have a failure rate L(t) that is

shown in Figure 2-1. This model is known as the bathtub curve and was initially

developed to model the failure rates of mechanical equipment, but has since been adopted

by the semiconductor industry.

The bathtub curve can be reduced to three regions of reliability. The failure rate

of a successful part is initially high and falls off as latent defects cause devices to fail

until a time, t,._iQ,, at which point the failure rate levels off. A decreasing failure rate will

typically justify initial testing and bum-in. The failure rate remains constant for a period

of time specified as the useful life, t_,e#t. Failures that occur during this period of time

may be considered random and, for high-tel operations, X should be exceedingly small.

Finally, after top,_,io,, devices begin to exceed their lifetimes and wear-out causes the

curve to rapidly increase. From this data it is evident that t,e#_ can be defined as:

tusefu I = toperation _ tinfant (2-9)

As indicated by the bathtub curve, manufacturers aim for the failure rate to

remain fairly constant over t_,em, which justifies using the exponential reliability model

for each part to be used in system reliability models. The time scale is often plotted

logarithmically, although the values of t_,,_l and ti.#,, are rarely well defined.
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Figure 2-1: The Bathtub curve.

Consequently, every manufacturer has its own specific test and bum-in procedure to

maximize the reliability of each product.

D. Predicting Time to Failure

Sometimes it is desirable to discuss the average time to failure instead of the

probability of failure. This value, called the mean time to failure (MTTF) is defined as:

oO

MTTF =- Stf (t)dt
o

It is also possible to prove[ 108] that the MTTF equals

(2-10a)

MRL.

o0

MTTF = fR(t)dt (2-10b)
0

Once a device is operational, a more useful value is the mean residual life, or

This quantity is derivable as:

MRL(t) = 1. _fR(T)dT (2-11)
R(t) J,

It should be noted that MRL(0) = MTTF.

10



E. Failure RateUnits

Since,for most systems, k(t) is a small quantity, special units axe used to describe

reliability. The failure rate is given as the number of units failing per unit time. In

common operation, this number, when expressed as the number of devices failing per

unit time, K, is a fraction of a percent. To make this function more useful, the values axe

scaled to a more meaningful time frame, fhus L(t) is expressed as tenths of a percent of

devices failing per 1x 10 6 hours or as the total number of devices failing in 1 x 10 9 hours.

This latter quantity is known as the failure in time, or FIT, and is the common unit of

reliability defined as:

1 FIT =
1 failure (2-12)

1 x 10 9 device hours

A FIT is an approximate rate measure over the useful life of a part, assuming a

constant failure rate, given the bathtub curve model, the FIT rate = L/10 9, where L is the

constant failure rate shown in Figure 2-1.

lie

v

L TIME

Figure 2-2: Probability of survival to time t.

I[o Probability Models

Several standard probability models axe often used to model failure of systems.

A. The Uniform Distribution

The uniform model is the most common probability model used to predict the

lifetime of systems. For a system with multiple components with distinct MTTF and Ls,

it is often only possible to model the entire system as having a combined failure rate _.c,

11



Assuming that the failure rate of a single component will constitute a total failure, then it

is possible to directly determine _.c by:

n 3, t

R(t) H R,(t) = e -_t e -_"= ...=e
i=l

(2-13a)

n

gc = _ 2, (2-13b)
i=1

where _ = failure rate of the ith component of a system. A system that has any

redundancy or error tolerance will be more difficult to model in detail, but generally, a

series system will have a reliability determined by Equations 2-13. The pdf of this model
is:

f(t) = gee -_' (2-14)

which is shown in Figure 2-2. This model is often the only available predictor of

reliability for multi-component systems.

B. The Weibull Distribution

time

Figure 2-3: The pdfof the Weibull function with different b values.

In a system composed of n components, the probability of the f'trst component

failing is determined by:

12



rl

F(t)= V[ F_(t) (2-15a)
i=l

where Fi is the probability of failure of the ith component. For systems where all

components exhibit uniform failure rates, the probability of failure of the system can be

expressed as:

F(,) = 0-e-n)"

where

This model is called the Weibull model. It is conventionally written as:

f(t) = aBfltP-le-(_Y' and 2(0 = a#fl t_-I

ot = the scale parameter

trends:

(2-15b)

(2-16)

[3 = the shape parameter

The shape parameter enables the Weibull distribution to model multiple aging

• If 1 < [3 < oo then L(t) is increasing with time.

For the Weibull distribution, the MTTF is given as:

If 0 < [3 < 1, then _t) is decreasing with time

If 13=1 then E(t) is constant "} the exponential model

MTTF = 1+

where F is the gamma function, which is defined as:

OD

F(x) = p_-le-'dt for x>O
0

(2-17)

(2-18)
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C. The Normal Distribution

Physical data often fits a Normal, or Gaussian, distribution. This distribution is

derived from the central limit theorem, which states that the distribution of a large

number of random values usually results in a normal distribution, no matter what their
individual distributions were.

/ \
/ \

Figure 2-4: pdf of the normal distribution.

where

The normal distribution is expressed by the equation:

_?-,012
1 _, 2a)

f(t) = _e

tr = the standard deviation

(2-19)

to = the MTTF

error functions, _ and 1-_.
For this model, F(t) and R(t) are given by the respective error and complimentary

This function is usually approximated by

g2

• (z) = 2--_e ' (2-20)
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D. The Lognormal Distribution

/

Figure 2-5:

Io$ (time)

pdf of the Ioguormal distribution.

The logarithm of many failure times are found to be normally distributed in what

has been termed a lognormal distribution. The physical justification for the lognormal

model is that thermally activated systems will have a failure rate that is determined by the

Arrhenius relation:

MTTF (T) = toe _ (2-21)

where:

Ea = the activation energy

k = Boltzmann constant (8.6x 10 -5 eV/K)

If the activation energy, Ea, is normally distributed in energy:

(E-Eao

1 _2 (2-22)

p( E) - cr -t=---e_/2rc

then the failure rate will have the form:

_f_/2
1 e _ 4_. )

f ( t ) - t cr,ff'_
(2-23)
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For this model, F(t) is given by

(:D(In(t- t°)1,, cr

HI. Application of Reliability Models
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Figure 2-6: An example of using the iognormal distribution to predict Hfetime in ICs. Each data

point represents a Hfe test and the line provides lifetime data at any given temperature.

While the above models offer a good basis for describing reliability, they must be

accurately utilized to predict lifetime data. The simplest way to measure reliability is to

submit a large number of samples to testing under normal operating conditions until

failure occurs. However, since most high-rel applications utilize devices with lifetimes

of several years, this approach is otlen too costly and time-consuming for most
applications. Instead, devices are operated under accelerated conditions for a shorter

period of time until failures occur and then, using probability theory, actual device
lifetime is reconstructed.

While this kind of testing is relatively simple for purely electrical systems, it is
significantly more difficult for MEMS, or for any mechanical system. Since failure

mechanisms are not well understood, there is no simple test to accelerate lifetime. To

further compound matters, the vast difference in types of MEMS devices means that each

16



set of devices may require unique acceleration conditions. These kinds of difficulties are

not encountered in purely electrical systems because lifetime is determined almost

exclusively by the rate of thermally activated processes. These interactions are easy to

accelerate by increasing temperature. In MEMS, on the other hand, it may be

temperature, humidity, vibration, or a number of other factors that limit device lifetime,

and accelerating one failure mode may decelerate another.

Once life-test data is collected, it can be modeled with one of the above

probability distributions. Take, for example, data that fits a lognormal distribution. This

can be determined by plotting the data on a lognormal graph. If the life-test data fits into

a straight line, then the data fits into a lognormal distribution. The intersection of this

straight line with 50% cumulative failure indicates the MTTF.

To accurately predict lifetime at any operating conditions, at least three distinct

high stress tests must be performed. The median lifetime from each of the three tests is

then transferred onto a lognormal plot and fit with a line. Median life at any operating

condition can then be determined.

In a world with limitless resources and time, lifetime test would be conducted

with nearly infinite sample sizes. Since this is a practical impossibility, the size of the

sample must be considered in determining the confidence in lifetime predictions.

Confidence is expressed in terms of a percentage, where a confidence value says that for

a given percentage of the time, a test would yield a result within the two limits of the test.

Thus an upper and lower confidence of 90% on respective lifetimes of two and four years

means that nine out of every ten tests would predict a lifetime between two and four

years. The following equations yield confidence limits:[118]

upper limit = T,,,, x e ('('¢' =¢_)_m) (2-24a)

lower limit = T,,.,, x e (-'(a/''ap_)x_/N)
(2-24b)

where

o_ = the standard deviation in the data

Ttest = median life at test temperature

t(df, alpha) = value from the Students' t distribution (see ref. [118] for more

detail on this subject)

df = degrees of freedom (N-1)

alpha = (1% confidence) / 2

N = sample size
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Due to the variability of test data, it should be apparent that an understanding of

failure mechanisms within MEMS is critical to determining device lifetime. This kind of

information can only be determined from further research into MEMS reliability. As

stated above, the diversity of MEMS technologies on the market almost necessitates an

individualized approach to a statistical lifetime study. One of the great obstacles to space

qualifying MEMS is the individuality of the devices. MEMS manufacturers do not have

the luxury of ASIC and MMIC designers, who can use a great deal of prior work and

knowledge in space qualifying their products. Despite these obstacles, it is inevitable that

MEMS will eventually work their way into high-rel applications and this methodology
will provide the means for realizing that goal.

IV. Failure

While this chapter has devoted a lot of time to quantifying reliability, it has not

discussed the roots of reliability, namely failure. The time dependence of reliability, R,

and failure, F, are complimentary, so the rates are both equal to the failure rate, _L. In

order to accurately study MEMS reliability, the nature of failures must be quantified.
Failure may be separated into two distinct categories:

(1) Degradation failure, which consists of device operation departing far enough

from normal conditions that the component can no longer be trusted for
reliable operation

(2) Catastrophic failures, which are, as the name implies, the complete end of
device operation.

Failures occur when the stresses on a device exceed its strength. While the most

prevalent failure mechanisms in MEMS are not yet fully understood, there is a great deal

of knowledge about failure mechanisms within more common semiconductor devices,
which should have a bearing upon failure within MEMS.

In order for a device to be classified as high-rel, it must meet some basic criteria.

The most significant of these is that a device cannot exhibit a dominant failure

mechanism. This ensures that there is no inherent design flaw that prohibits long-term
reliable device operation. In order to make this assessment, the failure mechanisms with

a device must be understood.[ 109]

The identification and mitigation of failure mechanisms in MEMS is both one of

the most important and one of the newest issues in MEMS. The most relevant way to

keep abreast of the failure mechanisms within MEMS is to search the current literature,

as data contained within this manual is almost sure to be revised after publication. With

this in mind, Chapter 3, "Failure Modes and Mechanisms" provides a description of the

most commonly observed failure mechanisms and associated failure modes in MEMS.
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Chapter 3: Failure Modes and Mechanisms

B. Stark

A criticalpart of understanding the reliability of any system comes from

understanding the possible ways in which the system may fail. In MEMS, there are

several failure mechanisms that have been found to be the primary sources of failure

within devices. In comparison to electronic circuits, these failure mechanisms are not

well understood nor easy to accelerate for life testing. In any discussion of failures, the

definition of failure mechanisms, or causes of failure, often overlaps with the definition

of failure modes, or observable failure events. To alleviate this confusion this chapter

has been roughly organized by failure modes, with mechanisms being described within

the sections on the modes they cause. Failure mechanisms that do not have clearly

associated modes are discussed at the end of this chapter.

I. Mechanical Fracture

Mechanical fracture is defined as the breaking of a uniform material into two

separate sections. In MEMS it will usually lead to the catastrophic failure of a device,

although there are some structures that will have more moderate performance

degradations.[5,8] No matter what the actual outcome, any fracturing is a serious

reliability concern. There are three types of fractures, ductile, brittle, and intercrystalline
fracture. Ductile fracture, as the name implies, occurs in ductile materials. It is

characterized by almost uninterrupted plastic deformation of a material. It is usually

signified by the necking, or extreme thinning, of a material at one specific point. Brittle

fracture occurs along crystal planes and develops rapidly with little deformation.

Intercrystalline fracture is a brittle fracture that occurs along grain boundaries in

polycrystalline materials, often beginning at a point where impurities or precipitates

accumulate. For MEMS the latter two types of fracture are more common. To

understand the actual causes of fracture and the methods for predicting it, several terms

must be first defined.J27]

A. Definitions

Mechanical failure in a crystal lattice occurs when an applied stress exceeds the

failure stress of the structure. Stresses are separated into the two categories of normal

and shear stress. Normal stress is defined as stress perpendicular to a plane in a material,

while shear stress occurs parallel to a plane, as shown in Figure 3-1. In solid materials,

stress is linearly related to a concept called strain, which is the fractional elongation of a

material. The proportionality constant between stress and strain is, for small normal
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loads,calledthe modulusof elasticity,or Young's modulus.
acubicvolumewill dependuponall thestressesappliedto it:
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One important aspect of this tensor is that Eij=Eji , so that there are actually only 21

independent constants. Further simplifying this effect is the internal symmetry of most

crystals. In cubic crystals, such as Si and GaAs, the tensor reduces to:
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(3-1b)

While not all materials have just three independent elastic constants, it is unlikely to find

even highly anisotropic crystals with more than nine elastic constants.

0Ol]

[OLO]

Figure 3-2:

--Silicon IGaAs l

Young's modulus as a function o£ crystalline orientation for Si and GaAs along

the <100> axis.

One of the difficulties in using Equation 3-1b is that, in an anisotropic crystal, the

elastic modulus will vary with crystalline orientation. To account for this variation a plane

modulus is defined with the crystal orientation by

E[hk,] = _ (3-2)
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In order to relate the modulusof a crystalline plane to the elastic constants in

Equations 3-1, the following equation is used:

E-'(O,_,_)=s_,-2(s,,-s_2-O.5s44)(t21_ +1212 + 1_2132)) (3-3)

where

SII =

Eli + Ej2

(El, + 2E_2)(E1, - E_2)

S12 =

(E_, + 2E_z)(E_, - ER2)

1
$44 =_

V

Figure 3-3: Euler's angles.[91] These

are the angles formed between the

<100> axis and an arbitrary <hkl>
axis.

0, _, V = Euler's angles, defined in Figure 3-2

Ii, 12, 13 = the direction cosines defined by the following matrix

11 rrh nl] [cos(O)cos_)cos(y/)-sin@)sin(y/)l 2 m2 n2 =[-cos(o)cos(C)sin(_)-sin@)sinf_)
l3 m 3 n3 [ cos(o)cos_)

cos(0) sin@) cos@)- sin@) sin_) - sin(0) cos(y/)]

-cos(0)sin@)cos@)-sin@)sin(_) " sin(0)sin(_) [

cos(0)cos ) cos(o) J

The modulus of Si and GaAs as a function of crystalline orientation is shown in Figure 3-
2.[321

In common nomenclature the constants, Sll, Si2, and s44 are called compliance

coefficients. This equation reveals that the { 100} planes of Si have an elastic modulus of

130 GPa, while the { 110} planes have a modulus of 165 GPa. For the { 111 } planes, with

a 0 and dpangle of 45 ° and a V angle of 0% the value of E 111i I is 187 GPa, which is the

stiffest plane in silicon. As a result, wear effects will be most severe in the[100] direction

because it has the lowest stiffness of any crystal planes in silicon. It must also be noted

that Ell, Ei2, and E44 are usually defined relative to the <110> planes, while Sll, sl2, and

s44 are generally defined relative to the <100> planes.

Poisson's ratio is also orientation-dependent, with the basis vector given along

with the value of the number. Poisson's ratio is normally defined in terms of the elastic

compliance coefficients as v = -s12/sil. If a longitudinal stress is considered in a direction

that is displaced from the { 100} planes by angles 0, d_, and V, it has been proven [48,49]
that
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Silicon

[.0"[_ [010]

Figure 3-4: Poisson's ratio as a function of angle in the (100) plane with i and m
varying in the (100) plane.

V _

s, 2 + (sl, - st: -.5s44 Xll2.nh2 + l 2m22+ 132m_)

s,,- 2(sit- s12-.5s44_11 2 + 1_123+ 1211_)

(3-4)

While these considerations are important in the study of MEMS, they are difficult

to resolve analytically. For simplicity's sake, researchers design structures that will only

be forced in orthogonal directions, so that Young's modulus and Poisson's ratio can be

treated as uniform values. For this reason, the remainder of this guideline will treat

Young's Modulus and Poisson's ratio as a single value, with the implicit understanding

that these quantities are actually dependent upon crystal structure.
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Once the definitions of stress and strain are understood, it is possible to
understandhow stressleadsto failure.
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Figure 3-5: Stress versus strain relationships for bulk Si and GaAs _.

B. Stress-Induced Failure

In Figure 3-2, the process of crystal lattice failure is illustrated through a diagram
of stress versus strain. As can be seen, the application of stress causes a linear increase in

strain until fracture. This is a function of the brittle properties of these materials; brittle

materials deform elastically until fracture occurs. To understand the fracture tolerances of

a MEMS device, as in any mechanical structure, one needs to determine the maximum
stresses.

The maximum stress in a device usually occurs near stress risers, or concentrators.

Stress concentration occurs when there is a sudden change in the cross section of a

material. At these points, stress is usually non-uniformly distributed and somewhat

difficult to analytically resolve. Since most engineers are more concerned with maximum

stress rather than average stress, this value can be calculated by defining the stress
concentration factor K as:

I This chart is idealized. In actuality there is a small curvature to the stress strain curve of any material.
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K = cr,,_ (3-5)

O'av e

where

(Imax -- maximum stress at a stress concentration point

O'ave -- average stress at a stress concentration point

K is a function of the geometry of the stress riser and is typically graphically

represented. ,_aw can be calculated from basic structural analysis, which allows (_max tO be

determined.
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Figure 3-6: Stress concentration factor as a function of geometry for thin beams.
(from [I I])

While analysis of stress will determine if a material has exceeded its fracture

strength, some new concepts will have to be introduced to understand what factors limit

the strength of materials. Many of the mechanical failures in crystalline solids occur as

the result of defects in crystal structures. These defects are the result of imperfect

techniques in crystal growth and are critically important to the study of the properties of

crystals. While a modem silicon wafer will have relatively few defects,[46] other

materials used in MEMS have significant defect densities. There are several kinds of

defects that need to be examined.
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C. Point Defects

®

Figure 3-7: Different point defects. A is a vacancy, B is an interstitial. Cis a Point replacement

while D and E are 2-D mappings of an edge and screw dislocation, respectively.

Point defects are faults at a single point in a crystal. They tend to create very

localized internal strains and do not usually have the magnitude of an impact upon crystal

lattice integrity that is common to dislocations, which are discussed in the following

section. Point defects are categorized into the following groups:

i) Vacancies

A vacancy is the lack of an atom at a specific point in a lattice where one would

otherwise be expected. This has the result, as most defects do, of limiting electron

mobility. More important for MEMS is the fact that a vacancy will lower the yield

strength of the material, as it weakens the lattice strength. The missing atom causes the

lattice to compress around the vacancy, which creates an internal stress field that is

described by Equation 3-5.

o-r, =-2o-_ =-2o'00 - go 1- 2v 1
rc 1-v r 3 (3-6)

where

1--V

go = 2GAV--
1-2e

G = the shear modulus of a material (E44 for cubic crystals)

AV = the change in the volume of the solid due to the vacancy.
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ii) Interstitial

An interstitial is an additional atom which has become wedged between the atoms

of a lattice. An interstitial will have, to a first order approximation, the same stress field

as a vacancy, except that the strength factor, go, becomes

8rig 1+ v 3 (3-7)
go =" 3 i-S-_v r/r°

where

q_ rO_l
A

ro = the radius of the foreign atom

A - the lattice parameter

iii) Point Replacement

In this case a single atom has been replaced by an atom of a different element.

Often this is done intentionally for doping purposes, but sometimes it occurs accidentally

as the result of disorder in the lattice or impurities in the melt. Theses defects will have

differing effects on the mechanical properties of solids, but will usually not be as large in

magnitude as vacancies or interstitials.[53]

D. Dislocations

/Z
./--/-Z: - i

Z X '_

Figure 3-8a: Edge dislocation. (from [37]) Figure 3-8b: Screw dislocation. (from [37])

Ir
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A dislocationis a one-dimensionalarrayof point defectsin an otherwiseperfect
crystal. Theyoccurwhenacrystal is subjectedto stressesthatexceedtheelasticlimits of
materials. Dislocationsareusually introducedinto a crystal through the presenceof a
temperaturegradientduringcrystalgrowth. Modemwaferprocessingtechniquesproduce
extremelylow dislocationdensitieson wafers.Dislocationscanbe separatedinto two
types:

i) Edge Dislocation

In this case a whole row of atoms is out of phase with respect to the rest of the

lattice, as shown in Figure 3-8a. The result of this phenomenon is a physical barrier in the

crystal that scatters electrons and weakens the crystal. An edge dislocation creates a

stress field that is defined by Equations 3-8a-e:

O'X --

Gb y(3x 2 + y2)

2_(1- v) (x 2 + y2)2 (3-8a)

Gb y(x 2 _ y2) (3-8b)
cry = 2n-(1 - v) (x 2 + y2)2

crz = v(°'x + cry) (3-8c)

Gb x(x 2 _ y2) (3-8d)
rxY = 2n'(1 - v) (x 2 + y2)2

Z'xz =Ty z =0
(3-8e)

where

x, y, z = distance from edge dislocation, with the dislocation in the plane of x and
the z axis is tangent to the dislocation.

b = The magnitude of the Burgers vector of the dislocation ~ a few lattice

spacings.

ii) Screw Dislocation

This fault is much the same as an edge dislocation except that it is shaped like a

spiral staircase, as shown in Figure 3-8b. Screw dislocations also create stress fields in
solids, as defined below:
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Gb y
7_'XZ --

2n" x 2 + y2 (3-9a)

Gb x

rrz = 2Jr x z + y2 (3-9b)

o- x = Cry = Cr_ = r xy = 0 (3-9c)

The essential feature to recognize from these equations is that dislocations

introduce stresses internal to materials that will significantly weaken crystal lattices.

While these stresses decrease quadratically with distance from the dislocation, there

clearly will be a strong local internal stress created by these features. Another factor to
consider is that the stress fields from different dislocations will fnteract, creating internal

forces. From a MEMS reliability standpoint, this means that using high quality wafers

with smaller numbers of dislocations will ultimately increase device reliability and

lifetime. For more information on this subject, Reference [37], "Elementary Dislocation

Theory" by Weertman and Weertman offers a good, in-depth discussion of dislocation

theory.

E. Precipitates

In metals containing another element in a supersaturated solid solution, this

solution tends to precipitate in the form of a compound with the solvent metal.[53] In the

presence of a dislocation, atoms will precipitate into the dislocation, which will occur at

the rate:

n(t) oc (3-10)

where

n(t) = the number of atoms precipitating in a time, t.

T = temperature

This phenomenon is used to harden materials by allowing precipitates to lock

dislocation and prevent them from moving through the lattice. While this is found to be

useful in construction materials, it creates problems for MEMS devices using metallic

compounds, such as GaAs. The formation of precipitates creates an internal stress, which

can significantly weaken crystal lattices and is discussed in great detail in Reference [53].
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F. Fracture Strength

The impetus for studying defects is that, for brittle materials, the fracture strength

is a function of the largest crystal defect. For a defect of length c, the fracture strength
can be determined by:[114]

Kic

o-r Y -c (3-1 l)

where

Kk = Fracture toughness

trf = fracture strength

Y = dimensionless parameter that depends on the geometry of the flaw

It is sometimes useful to approximate the defect as being penny shaped with a
radius, c, in which case the fracture strength is:[17]

1.6Kt_ (3-12)

Normally, a Gaussian distribution of crystal defects is assumed for a given

volume. This would imply that there is also a normal distribution of fracture strengths, as
described below:

(#__)2

f(cr) = (2mt2)-_e 2d2 (3-13)

where

d 2 = standard deviation in fracture strength

m

cr = mean fracture strength

For this kind of fracture stress distribution, the probability of failure of a body

exposed to a stress field is modeled by the Weibull probability distribution function of:

_(#-,,, ]',_
a -o j (3-14)

el = 1 - e [40]

where
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V = the volume of the stressed body

Ou = a lower stress limit which is usually equal to zero in brittle materials (Pa)

o0 = a parameter related to the average fracture stress (Pa)

m = the Weibull modulus, a measure of the statistical scatter displayed by fracture

events

For simple geometries, Equation 3-14 can be simplified to:

ln[ln(l l_-_ll=mlncr+const (3-15)
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Figure 3-9: Representative plot of the probability of the fracture of silicon under applied stress.

The Weibull modulus, which can be used to measure the reliability of an

engineering material, can be determined by a linear curve fit on a simple In/In-In plot.

Thus, the probability of fracture will be randomly distributed by a Weibull model, as

shown in Figure 3-9. As such, the fracture strength of a material can only be expressed as

a probability distribution and not as a specific value, which presents a challenge for

reliability engineers. Since it is not known what the ultimate failure strength of a device

will be, testing must be done on all devices prior to insertion into the market to eliminate

devices with unacceptably low fracture strengths.

For common MEMS materials, several fracture studies have been conducted. The

median fracture strength of silicon beams has been reported to be on the order of 6 GPa

with a Weibull modulus of 10.1, although these values are strongly dependent upon the

finished composition of the beam.[40] GaAs had a fracture strength of less than half that
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of silicon, at 2.7 GPa. These values compare favorably to construction steel, which

fractures under I GPa. While this study provides a baseline for the strength of Si and

GaAs, they are not universally applicable. Fracture studies need to be conducted on every

process, as mechanical properties of materials are highly dependent on processing
conditions.

G. Fatigue

Fatigue is a failure mechanism caused by the cyclic loading of a structure below

the yield or fracture stress of a material. This loading leads to the formation of surface

microcracks that cause the slow weakening of the material over time and create localized

plastic deformations. While brittle materials do not experience macroscopic plastic

deformation, they will still experience fatigue, albeit in a much longer time frame than in
ductile materials.

[--,
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I I I I
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Figure 3-10: Typical SN curve for a ductile material.

Fatigue is typically modeled with a plot known as the SN curve. The plot, shown

in Figure 3-11, relates the fracture stress, S, to the number of cycles of loading and

unloading a material. As shown in the figure, the fracture stress decreases with time and

can eventually fail.

Fatigue also causes a gradual change in the properties of a material. After

repeated cycling, which is often on the order of billions of cycles, Young's modulus will

gradually shift. This shift will change the resonant frequency of many devices and

degrade sensor outputs. Also affected is the dampening coefficient, which will increase

over time and change the resonant frequency and Q factor of a structure. Electrical

resistance of many structures will also increase over time. The combined effect of these

changes can lead to degradation failure. Table 3-1 provides order-of-magnitude estimates

in the changes that might be expected in these values over the lifetime of a device.[95]
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Young's
Modulus(GPa)

original original aged original original

129 117 113 134 127

Dampening 600
Coefficient (Hz)

Resistance(f2)

770 741 779 436 588 631 685

9.9 15.3 19.9 22.7 4.93 9.55

Table 3-1: Fatigue induced materials degradations.[95]

10.3 12.5

While this table is only indicative of one study, it does show that fatigue is a real

concern for MEMS.

II. Stiction

One of the biggest problems in MEMS has been designing structures that can

withstand surface interactions. This is due to the fact that, when two polished surfaces

come into contact, they tend to adhere to one another. While this fact is often

unimportant in macroscopic devices, due to their rough surface features and the common

use of lubricants, MEMS surfaces are smooth and lubricants create, rather than mitigate,

friction.[19] As a result, when two metallic surfaces come into contact, they form strong

primary bonds, which joins the surfaces together. This is analogous to grain boundaries

within polycrystalline materials, which have been found to be often stronger than the

crystal material itself. However, adhesive boundaries are usually not as strong as grain

boundaries, due to the fact that the actual area of contact is limited by localized surface

roughness and the presence of contaminants, such as gas molecules.

Adhesion is caused by van der Waals forces bonding two clean surfaces together.
The van der Waals force is a result of the interaction of instantaneous dipole moments of

atoms. If two fiat parallel surfaces become separated by less than a characteristic distance

of z0, which is approximately 20 nm, the attractive pressure will be:

A
- [I10] (3-16)

Pv_. 6;7.d 3

where

A = Hamaker constant (1.6 eV for Si)

d = the separation between the surfaces
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While this equation, since it ignores the repulsive part of surface forces,
overestimatesthe force of adhesionby at least a factor of 2, it is a good order of
magnitudeapproximationfor adhesiveforces. Typical valuesof d are on the order of
severalAngstroms.

In most MEMS devices,surfacecontactcausesfailure.With the notedexception
of the small contactareasin microbearings,whensurfacescomeinto contactin MEMS,
the van der Waals force is strong enoughto irrevocably bond them. Although some
devices,such as microswitches,are designedto combat this problem through strong
actuatornetworks,mostdevicesmustbedesignedto eliminateanysurfaceinteractions,in
orderto avoidtheeffectsshownin Figure3-11.

Figure 3-11: Polysilicon cantilever adhering to substrate.

III. Wear

Wear is an event caused by the motion of one surface over another. It is defined

as the removal of material from a solid surface as the result of mechanical action.[27]

While there are some mechanical operations, such as polishing and sharpening, that

utilize wear in a constructive manner, wear is generally considered an undesirable effect

in MEMS. There are four main processes that cause wear. They are called adhesion,

abrasion, corrosion, and surface fatigue.

Adhesive wear is caused by one surface pulling fragments off of another surface

while they are sliding. This is caused by surface forces bonding two materials together.

When the bonds break, they are unlikely to separate at the original interface, which
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fracturesone of the materials. The volume of a material fracturedby adhesivewear is
determinedby therelationship:[27]

VAW = kAw Fx (3-17)

3o',.

where

gy = yield strength of the material

kAw = material dependent wear constant

x = sliding distance

F = load on the material

kAw is material dependent, Several useful approximations have been developed

for non-metallic wear between different types of materials:

Table 3-2: Wear coefficients for nonmetalsX.[120]

As a general rule, adhesive wear will be minimized with dissimilar hard materials.

Initial studies on the long-term effects of adhesive wear have been completed,

with some interesting results being discovered. A study at Sandia National Laboratories

found that wear related failures had a high initial infant mortality rate, followed by a

decreasing failure rate over time. An interesting part of their discovery was that both the

lognormal and the Weibull model of failure rates described wear equally well. While this

seems a bit counterintuitive, upon close inspection both of these models have fairly

similar shapes of probability density and cumulative distribution functions over the ranges

in question.

Traditionally the factor of 3 is dropped from Equation 3-15 and these values are expressed as 1/3 of the
values in this chart.
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Abrasivewearoccurswhenahard,roughsurfaceslideson top of a softersurface
andstripsawayunderlyingmaterial. While lessprevalentin MEMS thanadhesivewear,
it canoccur if particulatesget caughtin microgearsand can tear apart a surface. Also
definedby Equation3-15, the constantkAw for abrasive wear is usually on the order of
10 -3 to 10 -6.

Corrosive wear occurs when two surfaces chemically interact with one another

and the sliding process strips away one of the reaction products. This type of wear could

cause failure in chemically active MEMS. Certain types of microfluidic systems and

biological MEMS are susceptible to corrosive wear. Corrosive wear is dependent upon
the chemical reactions involved, but it can be modeled as:

he w _ kcwx (3-18)
3

where

hcw= depth of wear

kcw = corrosive wear constant, on the order of 10 -4 to 10 5

Surface fatigue wear occurs mostly in rolling applications, such as bearings and

gears. It affects highly polished surfaces that roll instead of sliding. O_,er time, the

continued stressing and unstressing of the material under the roller will cause the

appearance of fatigue cracks. These cracks then propagate parallel to the surface of a

structure, causing material to flake off the surface. Surface fatigue wear tends to generate

much larger particles than other wear mechanisms, with flakes as large as 100 nm being

common in macroscopic applications.[27]

In many actuator technologies, wear will increase the voltage required to drive a

device. Due to the polishing of the contact surfaces caused by wear, the adhesive forces

will increase. The increase in adhesion will require larger input signals to drive a device.

The increase in drive signal will, in-turn, increase to force, and thus wear, on a structure.

As a result, many structures that have contact surfaces prone to wear, will experience a

positive feedback loop between wear and driving voltage that will eventually lead to the

catastrophic failure of a device. Either the increase in voltage will create a power drain

that exceeds the available power to the system or the increase in voltage will decrease the

stability of the actuator until stiction occurs.

IV. Delamination

Delamination is a condition that occurs when a materials interface loses its

adhesive bond. It can be induced by a number of means, from mask misalignments to

particulates on the wafer during processing. It can also arise as the result of fatigue
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inducedby the long term cycling of structureswith mismatchedcoefficientsof thermal
expansion.

No matterwhat the actualcause,the effectsof delaminationcanbecatastrophic.
If the material is still present on the device, it can cause shorting or mechanical
impedance.Furthermore,the lossof masswill alter the mechanicalcharacteristicsof a
structure. While the exactchangeswill dependupon the amountof material that has
fallen off, recentwork[87] hasreportedshifts of up to twenty five percentin resonant
frequencyin somedevices.

V. Environmentally Induced Failure Mechanisms

In addition to device operation, there are external effects that can also cause

failure in MEMS. Many environmental factors can lead to the development of failure

modes. As discussed in the next section, environmental failure mechanisms are one of

the biggest challenges facing the insertion of MEMS into space.

A. Vibration

Vibration is a large reliability concern in MEMS. Due to the sensitivity and

fragile nature of many MEMS, external vibrations can have disastrous implications.

Either through inducing surface adhesion or through fracturing device support structures,

external vibration can cause failure. Long-term vibration will also contribute to fatigue.

For space applications, vibration considerations are important, as devices are subjected to

large vibrations in the launch process.

Figure 3-12 (a, b): Cracks in single crystal silicon support beams caused by vibrations from a
launch test.[5]

B. Shock

Shock differs from vibration in that shock is a single mechanical impact instead of

a rhythmic event. Shock creates a direct transfer of mechanical energy across the device.
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Shockcanleadto bothadhesionandfracture. Shockcanalsocausewire bondshearing,a
failure modecommonto all semiconductordevices.

C. Humidity Effects

Humidity can be another serious concern for MEMS. Surface micromachined

devices, for reasons related to processing, are extremely hydrophilic. In the presence of

humidity, water will condense into small cracks and pores on the surface of these

structures. When the surface equalizes with the atmosphere there will be a curved

meniscus of liquid on the surface, with the two radii of curvature of the meniscus, rt and

r2, determined by the expression:

-_2 RTIog( PIP'_"' ) (3-19)

where

_/= surface tension

v = molar volume

p/psat = relative vapor pressure of water in the atmosphere

R = gas constant (1.98719 cal/mol-K)

T = temperature

Recent work has shown that condensation on surface micromachined surfaces will

lead to an increase in residual stress in the structures.[28] For two surfaces that come into

close proximity with each other, the condensation will also create a capillary pressure

between the surfaces equal to:

47_ c°s2(0) (3-20)
P_ - d_

where

d = the separation between the two plates

0 = contact angle between the surfaces and the liquid

Thus, a hydrophilic surface in a humid atmosphere will experience both

condensation, which will create bending moment in structures, and capillary forces, which

will create stronger adhesive bonds than Van der Waals forces alone.[ 110,114]
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D. Radiation Effects

While still in its infancy, the field of radiation effects on MEMS is becoming

increasingly important. It has long been known that electrical systems are susceptible to

radiation and recent research has raised the possibility that mechanical devices may also

be prone to radiation-induced damage. Especially sensitive to radiation will be devices
that have mechanical motion governed by electric fields across insulators, such as

electrostatically positioned cantilever beams. Since insulators can fail under single event

dielectric rupture, there is a distinct possibility that these devices will have decreased

performance in the space environment. A further complication is the fact that radiation

can cause bulk lattice damage and make materials more susceptible to fracture.

Recent work indicates that dielectric layers will trap charged particles, creating a

permanent electric field. This permanent field will change resonant characteristics and

alter the output of many sensors.[122,123] This may indicate that radiation-tolerant

designs will have to limit the use of dielectrics, which could be a challenging design

problem. One radiation issue that has received some notice without generating a lot of

research is the impact of large atomic mass particles on MEMS. It is known that high Z

radiation can lead to fracturing by creating massive disorder within the crystal lattice,

Since this radiation source is common in the space environment, it needs to be

investigated before MEMS to launch into space.

On one of the few radiation tests to date, one group of surface micromachined

devices exposed to gamma ray doses in excess of 25 krad had severe performance

degradation. While certainly this reveals no substantive information about the overall
radiation tolerance of MEMS as a technology, it raises the possibility that radiation can

cause failure within these devices. While more studies need to be conducted before any

conclusions can be made, it is important to understand that radiation effects in MEMS is a

non-trivial issue that has yet to be fully addressed.[ 13]

E. Particulates

Particulates are fine particles, that are prevalent in the atmosphere. These particles

have been known to electrically short out MEMS and can also induce stiction. While

these particles are normally filtered out of the clean room environment, many MEMS are

designed to operate outside the confines of the clean room and without the safety of a

hermetically sealed package. As a result, devices must be analyzed to ensure that they are

particle-tolerant before they can be used as high-rel devices in environments with high

particulate densities.

Another area in which contaminants cause problems is in adhesion. Proper device

processing requires most materials interfaces to be clean in order to have good adhesion.

If dust particles are present, then the two materials Will be weakly bonded and are more

likely to have delamination problems.
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F. Temperature Changes

Temperature changes are a serious concern for MEMS. Internal stresses in

devices are extremely temperature dependent. The temperature range in which a device

will operate within acceptable parameters is determined by the coefficient of linear

expansion. In devices where the coefficients are poorly matched, there will be a low

tolerance for thermal variations. Since future space missions anticipate temperatures in

the range of-100 to 150°C, thermal changes are a growing concern in MEMS

qualification efforts.

Beyond these issues, there are other difficulties caused by temperature

fluctuations. Thermal effects cause problems in metal packaging, as the thermal

coefficient of expansion of metals can be greater than ten times that of silicon. For these

packages, special isolation techniques have to be developed to prevent the package
expansion from fracturing the substrate of the device.

Another area that has yet to be fully examined is the effect of thermal changes

upon the mechanical properties of semiconductors. It has long been known that Young's

modulus is a temperature-dependent value. While it is more or less locally constant for a

terrestrial operating range, it may vary significantly for the temperature ranges seen in the

aerospace environment.

G. Electrostatic Discharge

Electrostatic discharge, or ESD, occurs when a device is improperly handled. A

human body routinely develops an electric potential in excess of 1000V. Upon contacting

zn electronic device, this build-up will discharge, which will create a large potential

difference across the device. The effect is known to have catastrophic effects in circuits

and could have similar effects in MEMS. While the effects of ESD on MEMS structures

have not been published to date, it can be assumed that certain electrostatically actuated

devices will be susceptible to ESD damage.

VI. Stray Stresses

Stray stresses are a failure mechanism that are endemic to thin film structures.

Stray stresses are defined as stresses in films that are present in the absence of external

forces. In MEMS small stresses will cause noise in sensor outputs and large stresses will
lead to mechanical deformation.

Thermal and residual stresses are the two sources of stray stress in MEMS.

Thermal stress is a process-induced factor caused by bimetallic warping. Thin films are

grown at high temperature and, in the process of cooling to ambient temperature, they

contract. While these effects are desirable for the thermocouples, they can cause problem

in common MEMS devices. Thermal strains on the order of 5x10 4 are commonly
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observable in MEMS. Residual stresses are a result of the energy configuration of thin

films. Caused by the fact that these films are not in their lowest energy state, residual

stress can either shrink or expand the substrate. While there are high-temperature

techniques for annealing out residual stress, these methods are not always compatible

with MEMS processing.

In bulk micromachined devices, stray stresses can cause device warping, while the

effects can be much more serious in surface micromachined devices. Since they are made

entirely of thin films, surface micromachined devices are exceptionally sensitive to stray

stresses. Large residual stresses can cause warping and even the fracturing of the

structural material. For this reason, the materials used in surface micromachining are

often selected for their ability to be grown with little stray stress.

Vll. Parasitic Capacitance

Parasitic capacitance is another failure mechanism in MEMS. Parasitic

capacitance does not cause failure in and of itself, but it can be a contributing factor to

failure. Parasitic capacitance is defined as an unwanted capacitive effect in a device.

While parasitics are unavoidable in devices, they must be minimized for devices to work

properly. Parasitic capacitance can cause unwanted electrical and mechanical behavior in

devices.

The most common source of parasitics in MEMS is between a device and the

substrate. Most MEMS devices consist of a conducting device suspended over a

conducting substrate. These two devices have a capacitance between them that is

inversely proportional to the distance separating them. This capacitance will exert a force

upon the device, creating non-planar displacement and a current flow through the

substrate. While some devices use this effect for non-planar actuation, often parasitic

capacitance will impinge device performance by causing unwanted mechanical stresses

and motion. To limit these effects, devices should be sufficiently removed from the

substrate that large z-axis motion cannot be detected. While this definition is fairly loose,

it is ultimately up to design and reliability engineers to determine how much parasitic

capacitance is tolerable.

The second major source of parasitics comes from within the device. Many new

bulk micromachined devices are designed with a silicon base, a reactively grown oxide

layer, and a metallization top layer, as shown in Figure 3-14.
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Si02
Si Cp

Figure 3-13: Diagram of parasitic capacitance between silicon base and

metallization layer on a bulk micromachined beam.

These parasitic capacitances will have varying effects based upon device design.

On some devices their effects may be negligible, while on others they can cause severe

problems with device output. To limit the influence of parasitic capacitances, many

engineers alter their designs to electrically isolate much of their structure. This is done by

limiting the amount of metal coated structures and by using thin wires to supply voltages

to many structures.

VIII. Dampening Effects

Many MEMS devices are operated in resonant modes, which has some interesting

performance implications. All mechanical systems will have specific frequencies at

which amplitude, velocity, and acceleration are maximized. They also have an undamped

natural frequency, COn,which is the oscillating frequency of an unforced system. While in

many analyses, this frequency is called the resonant frequency, resonance actually differs

from the undamped natural frequency by the relationships below:

Displacement resonant frequency, coa = co. 4(1- 2( 2 ) (3-21 a)

Velocity resonant frequency, coy = co. (3-21b)

_ con

Acceleration resonant frequency, coa 4( 1 _ 2(2)
(3-21c)

Damped natural frequency, cod = co. (3-21d)

where _ is the fraction of critical dampening, which is defined as the system

dampening, or dampening coefficient, divided by the critical dampening coefficient, co.

The critical dampening coefficient describes the minimum amount of dampening required

for a forced system to return to equilibrium without oscillation, and, for a given system
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mass, m, and stiffness, k, the mathematicalexpressionfor the critical dampening
coefficientis givenas:[54]

(3-22)
Cc= 2k_m

Thus, the resonant frequency is influenced by the system dampening and, if

system degradation leads to increased dampening, there will be decreases in resonant

frequency.

The typical reason to operate a device at resonance stems from the fact that there

is an amplification of system output from the natural response of a structure. The

magnitude of this amplification is quantified by the quality factor, Q, which is defined as

W
Q = 2Jr _ (3-23)

AW

where W is the energy stored in a system and AW is the energy dissipated per cycle. The

quality factor also describes the sharpness of the resonance peak. One common method

to measure Q is to determine the frequency range for a system at which vo, t = Vmax/'_2, as

shown in Figure 3-14. For _<< .1, the quality factor can be approximated as:

Aco 1
- = 2( (3-24)

co,, Q

z
©

ra_

r._

oN

Vmax

Wmax]'_2 _ j0_ k

FREQUENCY

Figure 3-14: Definition of resonance and Q.
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As a result, operating a device at resonance, allows greater displacements, which

leads to an increase in sensitivity in many systems. However, large structural dampening

can cause changes in resonance that will alter output, which can be a long term reliability
concern.

Figure 3-15 (a,b): The difference in amplitude between a linear resonator operating in resonance,
right, and operating at a non-resonant frequency, left. As can be seen, the device on the right has a
much larger displacement, d, than the device on the left.

MEMS damping is usually caused by the presence of gaseous molecules. There

are multiple kinds of damping caused by the atmosphere and the type of damping depends

largely upon device geometry. For closely packed parallel surfaces, squeeze film

dampening will be predominant. For a rectangular plate of width, 2W, and length, 2L, the

squeeze film fraction of critical dampening is, for small displacements1:[ 135,136]

= 8A(w/L)w3L
h_.,f_ (3-25)

where:

f(W/L) = a function of aspect ratio

m = mass of the moving surface

h0 = distance between the two surfaces at rest

la = absolute viscosity of air (1.8x 10 5 Ns/m 2 at 1 ATM)

The derivation of this equation assumes that 0_hZx(fluiddensity)/_t <<1.0.
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For a device moving in plane, with an area A, and a separation from the substrate,

h, there will be a structural dampening factor due to Couette flow of: [24]

/zA (3-26)
(= 2h._k-

Since the dampening is proportional to the viscosity of air, which is a function of

pressure, some MEMS utilize vacuum packaging to increase performance. The degree to

which a package holds a seal will determine the operating characteristics of these MEMS.

Thus changes that lead to increased dampening of a system will alter output by shifting

resonant frequency and lowering the quality factor.

IX. Additional Reading

H. G. Van Bueren, Imperfections In Crystals, North-Holland Publishing Company,

Amsterdam, 1960.

E. Rabinowicz, Friction and Wear of Materials: 2 nd Edition, New York, John Wiley &

Sons, 1995.

A. T. DiBenedetto, The Structure and Properties of Materials, McGraw-Hill, United

States of America, 1967.
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Chapter 4: Material Properties

B. Stark

MEMS are constructed out of a multitude of materials, each of which has unique

reliability implications. Different materials have different responses to failure

mechanisms that need to be understood to better device reliability. To help clarify the

purposes of the myriad of MEMS materials, this chapter offers a brief overview of the

materials used in MEMS and provides a listing of their properties.

One of the great debates within the MEMS community has focused upon whether

to use the thin film or the bulk properties of materials in performing structural analysis.

The problem with treating many of these materials as bulk materials is that, when samples

become as small as they do in MEMS, crystal defects are no longer small in comparison

to the size of the structure being analyzed. While most testing is performed on

macroscopic samples, these properties probably do not scale well enough to be used for

MEMS, but are often employed anyway for lack of better numbers. For ultimate

reliability statistics to be determined, the actual properties of a given material made on a

given process line will have to be characterized. Lacking this, approximations can be
made with the available data. This chapter offers the common bulk materials properties

that are generally accepted. For thin films the applicability of these properties is still

somewhat in doubt.

I. Single Crystal Silicon

Silicon is the most common material used in semiconductor devices. In

crystalline form, silicon aligns in a diamond structure, which consists of a face-centered
cubic lattice with a basis of two atoms, as shown in Figure 4-1. The atomic structure of

silicon determines many of its physical properties, which are listed in Table 4-1.
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Crystalstructure
Latticeconstant
Atoms/cm3

Density

Melting point

Specific Heat

Young's modulus < I00>

Stiffness Constants:

Ell

E12

E44

Poisson's ration < 100> orientation

Tensile strength

Fracture toughness

Thermal conductivity

Coefficient of thermal expansion

Heat Capacity

Breakdown Field

5.0 x 10 22

2.32 g/cm 3

1412 °C

.7 J/g-°C
130 GPa

165.6 GPa

63.98 GPa

79.51 GPa

0.28

3790 MPa

.9 MPa m^.5

1.5 W/cm-°C

4.2 x 10 -6 °C-I

20.07 (J/mol-K)

-3 x 105 V/cm

Piezoresistive coefficients

n-type: rill 6.6x 10 -11Pa -1

_12

_44

7_44

DC dielectric constant

High frequency dielectric constant

Resistivity

Energy Gap

Electron mobility

Hole mobility
Index of Refraction

_l.lxl0 -11pa -I

138x10 _ll pa -I

_102x10 -li pa -1

53.4x10 -11pa -I

_13.6x10 -11pa -1

11.7

11.7

2.3 x 105 f2-cm

1.12 eV

1500 cmZ/V-s

450 cm2/V-s

3.42

Table 4-1: Room-temperature properties of single crystal silicon.[6,17]
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As its atomicsimilarities to diamondmight imply, singlecrystalsilicon is a very
hardsubstance.It exceedsthemechanicalstrengthof steel,but is decidedlymorebrittle.
Its strengthmakessilicon ideal for manyMEMS structures,as it hasthe highestfracture
strengthof anymaterialcommonlyusedin MEMS. Due to well controlledprocessesthat
yield high purity crystallinestructures,siliconhasthedesirablequality thatits mechanical
propertiesarevery reproducible.[6] For thesereasons,silicon is often usedfor high-
quality microstructures.

z

Figure 4-1: Crystal structure of silicon. (from [96])

The science of silicon growth has developed extensively over the past few years.

Silicon wafers are now produced with dislocation densities on the order of .1

dislocations/cm 2, which helps to explain the high fracture strength of the material. These

wafers also have impurity densities less than .03 particles/cm 2.

In a diamond cubic lattice, like that of silicon, fracture will normally occur along

the { 111 } planes. This is due to the fact that these planes have the lowest surface energy

to resist crack propagation. Although fracture along the other crystal planes is certainly

possible, it generally will not occur without the aid of a dislocation to lower its

strength.[47]

As technology progresses, the fact that silicon does not have the superior electrical

and optical properties of other materials has been a minor drawback. Silicon has a lower

electron mobility than some other common semiconductor materials, which impedes high

frequency operation. While this is a concern for digital designers, it is of little import to

MEMS designers, as there are relatively few applications that need mechanical structures

to run at the frequency limits of silicon. On the other hand, the electrical properties of
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silicon havethe advantagethat they aresensitiveto stress,temperature,magneticfields,
andradiation,which is a characteristicthat hasbeentakenadvantageof in a numberof
solid-statesensors.
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Figure 4-2: Energy band structures of Si and GaAs.

An issue of great importance in silicon is its energy band structure. In the first

half of the twentieth century, scientists researching quantum mechanics discovered that

electrons in solids can only have discrete energy levels. These energies are separated into

distinct bands. At the lowest potential, all electrons in a solid occupy the valence band,

which corresponds to the valence orbits in the atoms. After some energy, often in the
form of light or heat, has been added to the solid, electrons will transition into the

conduction band. The distance between these two energy levels, called the bandgap,

determines the fundamental electrical properties of a material. In insulators, such as glass

and rubber, the bandgap will be on the order of several electron-volts. Conversely, in

good conductors, such as most metals, the bandgap will be less than an electron-volt.

Semiconductors occupy the region in between these two areas, with a medium sized

bandgap. As such, intrinsic silicon has a moderate resistivity of 2x10 5 _-cm.

While the bandgap determines the electrical properties of a device, it also affects

the optical properties. The energy level of the valence and conduction bands varies
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within asemiconductormaterial. The bandgapis calculatedby subtractingthe minimum
of theconductionbandfrom themaximumof the valenceband. In somematerials,such
as GaAs, these two points line up. Materials in which this occurs are called direct
bandgapsemiconductorsandhavethe propertythat electronsonly needto changeenergy
levelsto switchbandlevels,which causesa photonto beemittedwhenanelectrondrops
from the conductionto the valenceband. Materials, like silicon, where this does not
occur, are called indirect bandgapsemiconductors. Electrons in indirect bandgap
semiconductorsneedto changeboth momentumand energyto switch band levels, as
shownin Figure4-2.

Thus, intrinsic silicon, as an indirect band-gapmaterial, cannotbe used in the
productionof semiconductorlasersand light emitting diodes. This limitation in silicon
hasled to researchinto wholenewclassesof semiconductormaterialsthat arecapableof
emitting light.

II. Polycrystalline Silicon

In applications involving surface micromachining, thin films of silicon are needed

as a structural material. Since it is difficult to grow thin films of single crystal silicon,

thin films of polycrystalline silicon are grown instead.[6] These materials are now

finding extensive use in the MEMS industry.
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Figure 4-3: Residual stress as a function of deposition conditions. (from [104])
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The mechanicalpropertiesof polysilicon films dependsgreatlyupon the process
usedin deposition. The residual stresscan be controlled almost entirely by varying
depositionpressureandtemperature,asshownin Figure4-3. It hasalsobeendiscovered
that there is a direct link betweenthe presenceof <110> orientedgrains and residual
stressin films, althoughthereasonsfor thisarenotentirelyclear.[45]

The strength of polycrystalline silicon is less well understood. Different
researchershavereportedaYoung's modulusrangingbetween140to 210GPa,[130]with
thesevalueshaving a dependenceon crystalstructureand orientation. Recentresearch
hasshownthat the Young's modulusof polycrystallinefilms is highly dependentupon
depositionconditions. The films exhibit preferentialgrain orientationsthat vary with
temperature. Since an ideal film does not exhibit orientation dependencefor its
mechanicalproperties,researchershavefound that depositingfilms at 590 °C, which is
thetransitionpoint betweenpolycrystallineandamorphoussilicon, is aneffectivemethod
of producinganisotropic film of polysilicon. At this temperature,theamorphoussilicon
will recrystalizeduring annealing,which producesfilms with a nearly uniform Young's
modulusof 165GPa.

In polycrystallinematerials,the fracturestrengthis dependentupontwo factors,
thegrainsize,d, andthefracturesurfaceenergy,3's.This stemsfrom thefact that the size
of adislocationis usuallygovernedby thegrainsize,which, by Griffith's equation,shows
thatthefracturestrengthof this materialis:[103,119]

crj = _ (4-1)

As shown by the equation, the fracture strength is also dependent upon the fracture

surface energy, 3's- For small grained polycrystals, the energy needed to fracture a grain

surface increases with grain size.[44] As a result, larger grains will be stronger due to the
increased energy needed to propagate a crack across the material.

In several studies, the mean fracture strength of polysilicon has been found to be

between 2 to 3 GPa, which is clearly less than that of single crystal silicon. Polysilicon

fracture samples have been reported to have a Weibull modulus similar to that of single

crystal silicon, which would indicate a similar reliability of the two materials.[40,44,103]
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lIl. Silicon Dioxide

Silicon dioxide is commonly used as an insulator in integrated circuits. In

MEMS it is used to electrically isolate components and has been used in some recent

applications as a structural material.[7] Its basic properties are listed for reference in

Table 4-2.

Property Value

e_ty

Melting point

Young's modulus

Tensile strength

Thermal conductivity

1728 °C

66 GPa

69 MPa

1.4 x 10 -2 W/°C-cm

Thermal coefficient of expansion 7 X 10 -6 °C-I

Dielectric constant 3.78

Resistivity 1012 _-cm

Energy gap 8 eV

Index of refraction 1.46

Table 4-2: Room temperature properties of silicon dioxide.[85]

In the crystalline form of Quartz, silicon dioxide exists in the trigonal

trapezohedral class of the rhombohedral system. This class has one axis of three fold

symmetry and three polar axes of two-fold symmetry. Quartz, due to its high

piezoelectric coupling, is occasionally used in MEMS. However, as a result of its high

anisotropy, quartz is more difficult to etch than silicon. [124, i 25]

Silicon dioxide is a common component of glasses and is, as such, a very weak

and brittle material. Thin films of oxide have a compressive internal stress on the order

of 1 GPa. Despite this, due to the fact that silicon dioxide is less stiff than other thin film

materials and that it has unique electrical properties, it is occasionally used as a

mechanical material in high sensitivity applications. Silicon dioxide, with its low thermal

conductivity, is a natural thermal insulator, a property which has been exploited for the

production of integrated thermal detectors. With a low tensile strength, silicon dioxide is

susceptible to mechanical fracturing.

One major feature of silicon dioxide is its properties as an insulator. With a

bandgap of 8 eV, silicon dioxide can effectively separate different layers of conductors

with little electrical interference. Due to the inherent advantages in being able to integrate

such an effective insulator, silicon dioxide has helped to make silicon the semiconductor

material of choice for most applications.
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IV. Silicon Carbide

In recent years there has been a growing interest in the use of silicon carbide as a

material for MEMS. SiC has many properties that make it well suited for MEMS

applications, although the SiC wafer growth technology has not matured enough to make

it a common MEMS material. Polycrystalline silicon carbide exists in about 180 different

polytypes, with the four dominant structures listed in Table 4-3.

a-SiC

(High-temperature modification)

I3-SiC

(Low-temperature modification)

6H

15R

4H

3C

Table 4-3: Dominant SiC types.[112]

Due to the fact that SiC exists in its beta form at temperatures below 2000 °C, this

is called its low-temperature modification. Above this temperature, only hexagonal and

rhombohedral polytypes are stable.

The properties of SiC are highly dependent upon the processing conditions and

can vary quite dramatically. These properties are listed for a few different SiC. preparation

techniques.

up to 100 5.8 16 30

95%

100% 240

95%)ressed 98%

410

2.55 450

5.0 28 100

4.9 50 450

4.5 55 650

Table 4-4: Room temperature properties of SiC.J112]

While not all of these methods are compatible with wafer growth, it should be

apparent that the properties of SiC can vary significantly depending upon processing.

Silicon carbide is used for its extreme hardness and high temperature resistance.

SiC does not have a defined melting point, instead it has a breakdown point of 2830 °C.

At this temperature, SiC decomposes into graphite and a silicon rich-melt. Many SiC

structures are less elastic than silicon, which is useful in certain MEMS applications. SiC
also has a Poisson's ratio that varies between .183 and .192. The main drawback to SiC

in MEMS has been that the technology used to grow SiC wafers still results in high
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dislocationdensities. This lowersthe strengthof SiC, which prohibits its use in many
applications. For silicon carbide to find widespreaduse, the techniques used to
manufactureit mustcontinueto mature.[112,113]

Silicon carbide,with a band-gaparound3eV, is a wide-bandgapsemiconductor
material. While theexactwidth of the bandgapdependson thepolytype,SiC is abetter
natural insulator that Si or GaAs_Intrinsic SiC hasa resistivityof 108f_-cm, although
doping canvary this value from .1 to 10_2_-cm. Silicon carbidealso oxidizes readily
above600°C to form silicon dioxide by the reaction: [ 112]

SiC + 202 _ Si02 + C02 (4-2)

V. Silicon Nitride

Silicon nitride is a material that is employed in a variety of applications. Since it

does not react well with many etching solutions, silicon nitride is often used to prevent

impurity diffusion and ionic contamination. Its basic properties are listed in Table 4-5.

Melting point

Young' s Modulus

;m

1900°C

73 GPa

460 MPaFracture strength

Coefficient of thermal expansion 3x 10 .5 °Cl

Thermal conductivity 0.28 W/cm-°C

Resistivity 1015f2-cm

Dielectric constant 9.4

Breakdown field 1x 107 V/cm

Index of refraction 2.1

Band gap 3.9-4.1 eV

Table 4-5: Room temperature properties of silicon nitride.[18]

The silicon nitride films used in most MEMS devices are amorphous and are

usually either sputtered or deposited by CVD. These films are made with the following

reaction, which occurs between 300-500 mT and 700-900°C.

3SiH2CI 2(g) + 4NH 3 (g) _ Si3N 4 (S) + 6HCI(g) + 6H 2 (g) (4-3)

i Varies with processing conditions.
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Stoichometricnitride films havetensilestresseson the order of 1-2 GPa, which

causes large warping. To maintain the structural integrity of the films, they are usually

only grown a few hundred nanometers thick. To avoid this limitation, silicon-rich nitride

films are often used. A common film of Sil.0Nl.l has been developed that has a Young's

modulus on the order of 260-330 GPa, a Poisson's ratio of 0.25, and a fracture strain on

the order of 3%.[45]

The stress of silicon nitride films can be controlled simply by adjusting the

deposition temperature and the ratio of dichlorisilane to ammonia. As shown in Figure 4-

4, nearly zero stress films are grown with a ratio of 4:1 at a temperature of 835 °C.
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Figure 4-4: Residual stress in silicon nitride films as a function of processing conditions.
(from [105])

Silicon nitride has many mechanical properties that make it a desirable material to

work with. It is a better thermal insulator than polysilicon, which can be important for

isolating surface micromachined structures. Also, its high mechanical strength makes it
an ideal film for friction and dust barriers.

One of the unfortunate properties of silicon nitride is that it is not as good an

insulator as silicon dioxide. With a bandgap 40% smaller than SiO2's, the electrical

isolation provided by silicon nitride is significantly less than that of silicon dioxide.

Furthermore, Si3N4 forms a low energy barrier towards silicon and metals, which

facilitates the injection of holes into the dielectric at electric fields greater than 2x10 6

V/cm. This results in a hysteresis appearing in the capacitance-voltage curve of metal-

insulator-semiconductor structures after the voltage has been swept to large values. Due

to these concerns, some designers like to form most of an insulator with SiO2 and then

seal its surface with Si3N4.[ 18]
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VI. Gallium Arsenide

Figure 4-5: Crystalline gallium arsenide. (from[17])

Gallium arsenide is the second most common semiconductor material. It has

some unique properties that make it ideal for use in applications that silicon is ill-suited

for. Initially finding a niche in the Monolithic Microwave Integrated Circuit market,

gallium arsenide, due to its optical properties, has recently been used in the production of

optical MEMS, or OMEMS.

Gallium arsenide forms a face centered cubic lattice with a basis of one gallium

and one arsenic atom in what is called a zincblende structure, as shown in Figure 4-5. The

basic material properties of gallium arsenide are listed in Table 4-6.
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Crystalstructure
Latticeconstant
Atoms/cm3

Zincblende

4.42x 10 22

Density 5.32 g/cm 3

Melting point 1237 °C

Specific heat .35 J/g-°C

Young's modulus < 100> orientation
Stiffness constants:

85.5 GPa

El1 118.8 GPa

El2 53.8 GPa

E44 58.9 GPa

Poisson's ratio <100> orientation 0.31

Fracture toughness .44 MPa m^.5

Thermal conductivity .46 W/cm-°C

Coefficient of thermal expansion 6.86 x 10 .6 °C-_

Heat capacity 47.02 J/mol-K

Breakdown Field -4 x 105 V/cm

DC dielectric constant 13.18

High frequency dielectric constant

Resistivity

Energy Gap

Electron mobility

Hole mobility
Index of Refraction

10.89

108 f_-cm

1.424 eV

8500 cm2/V-s

400 cm2/V-s

3.66

Table 4-6: Room temperature properties of gallium arsenide.[6,17]
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AIGaAshasalsobecomean integral partof GaAsprocessing.New technologies
havestartedto usethis ternarycompoundin GaAsbasedMEMS systems.A1GaAsis an
attractivecompoundbecauseit exhibitsmanypropertiesthatcomplementGaAs:

Crystalstructure
Latticeconstant
Atoms/cm3

Density
Melting point
Specificheat

Zincblende
5.66
4.42x 1022
3.76g/cm3
1467°C

.48J/g-°C
Stiffnessconstants:

Ell 120.2GPa
El2 57.0GPa
E44

Fracturetou_;hness
Hardness
Thermalexpansioncoefficient
Thermalconductivity
DC dielectricconstant
High frequencydielectricconstant
EnergyGap

58.9GPa
1.7MPam-5
5 GPa
5.2*10 -6 °C'!

.9 W/cm-°C

10.06

8.16

2.168 eV (indirect)

Table 4-7: Room temperature properties of AlAs.J17]

Gallium arsenide is not used in the semiconductor industry for its mechanical

characteristics. While sharing many of the same mechanical properties of silicon,[6] it is

significantly weaker, with its Young's modulus only 54% that of silicon. It, like silicon,

is also very brittle and thus offers no advantages in terms of mechanical performance.

GaAs contains more crystal defects than high quality silicon and, of these, arsenic

precipitates are of paramount importance in determining fracture strength. For a normal

distribution of arsenic precipitates in a large sample, such as a wafer, there will always be

at least one defect large enough to cause small load fracturing. However, for small

samples of materials, it is quite common to have limited defect size, which allow the

manufacture of high stress structures out of macroscopically low stress materials.[ 17]

Due to the fact that GaAs is not an elemental structure, it exhibits some

mechanical properties that would not be expected from other materials. In GaAs, the

electron cloud tends to shift towards the arsenide atoms, which creates a dipole moment

along the [111] axis. This causes the eight {111} surfaces to have differing
concentrations of Ga and As atoms. As a result, the{ 111 } planes are much tougher than

expected. This toughening causes the { 110} planes to be the primary fracture points.J17]
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Gallium arsenidealsohasathermalconductivity that is lessthanone-thirdthat of
silicon andone-tenththatof copper,which makesit a poor conductor. Theconsequence
of this poor conductivity is that the packingdensity of GaAs devicesis limited by the
thermal resistanceof the substrate. Another thermal concern is the fact that brittle
materialsbecomesductileat around35%of the meltingpoint. Correspondingto 250 °C

in GaAs, this marked drop in hardness and increase in fatigue could present serious

problems for high temperature device operation.

Gallium arsenide finds most of its applications due to its superior optical and

electrical properties. As shown in Tables 4-1 and 4-6, GaAs has close to six times the

electron mobility of silicon. Electron mobility, which describes how strongly an electron

is influenced by an electric field, is derived from the laws of basic physics and is related

to Equation 4-4:

va=-(qmt_,) E (4-4)

where:

va = drift velocity

q = electron charge

tc = mean free times between collisions

m* = effective electron mass

E = electric field

In Equation 4-4, the bracketed proportionality constant is called the electron

mobility. As the equation clearly indicates, electron mobility is directly proportionate to

the mean free time between collisions, t_. This number is in turn a function of the lattice

and impurity scattering of electrons. The lattice scattering is a result of thermal vibration

and increases with temperature until it becomes the dominant factor, as impurity

scattering is a constant function of doping levels. Thus, the electron mobility is a function

of temperature, which changes based on the intensity of device operation. As a result of

this, the electron mobility of GaAs is not always six times that of silicon, as it may often

only be double that of silicon. [ 1]

With the electron mobility determining maximum operating frequency and with

GaAs always having a greater electron mobility than silicon, GaAs can operate at higher

frequencies than silicon, which has made it an ideal material for many communications

applications. However, for MEMS, these factors are limited in their import. While some

high frequency GaAs systems are attempting to integrate MEMS components, most GaAs

MEMS devices will operate at significantly lower frequencies due to the mechanical

limitations of the systems.

Gallium arsenide also has a larger energy band gap than that of silicon, which

means that it is a better natural insulator. Through the introduction of either oxygen or
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chromiumto theGaAsmelt, it canfurtherbe turnedinto a semi-insulatingmaterial. This
providesasubstratethat isolatescomponentsandperformsmanyof thesametasks,albeit
not aseffectively,assilicondioxide.

The other significant advantagethat GaAs has over silicon is that it is, as
discussedpreviously,a directbandgapsemiconductormaterial. This hasenabledwhole
classesof optomechanicaldevices to be developed. It is this property that allows
semiconductorlasersand LEDs to be made out of GaAs and it will undoubtedlybe

exploitedmorein thefuture.

While gallium arsenidedoeshave significant advantagesover silicon thereare
also somemajor drawbacks.Thereareno stableinsulatingoxidesand nitrides in GaAs
technology.This meansthatit is difficult to manufacturereproduciblepassivationlayers.

VII. Metals

Metals are used in MEMS as electrical conductors and occasionally as structural

material. The metals used in MEMS are, unlike the materials discussed previously,

ductile. That means that they will plastically deform if stressed past the yield strength.

Plastic deformation results in a non-zero strain with zero applied stress, which appears as

a shift in the stress strain curve, as shown in Figure 4-6.

fJ'_
Rupture

Figure 4-6: Stress versus strain curve for a ductile material. There is a clearly marked yield point,
after which plastic deformation occurs. If the material is stressed past this point and then unstressed,
the curve will decrease parallel to the elastic deformation section, as illustrated by the dotted line.
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A. Aluminum

Aluminum is commonly used in MEMS as a sputtered film placed over a

processed structure. By covering a structure with a conductive film, equipotential

surfaces are created on a device, which are critical to the operation of many electrostatic

device. Aluminum is also commonly used as an electrical conductor in semiconductor

technologies.

Aluminum, like most metals, is often alloyed with other substances to improve its

structural properties. The alloys of aluminum are numerous and are offered in great detail

in Reference [111]. Pure aluminum has many properties that distinguish it from other

materials used in MEMS. Listed in Table 4-8, the properties of aluminum have been both

a boon and an area of concern for researchers over the past decades.

Point 659°C

Specific Heat

Young's modulus (bulk value)

Poisson's ratio

Ultimate tensile strength

Ultimate shear strength

Yield tensile strength

Yield shear strength

Thermal conductivity

Coefficient of thermal expansion

0.90 J/g-°C

70 GPa

.35

ll0MPa

70MPa

100 MPa

55 MPa

2.37 W/cm-°C

23.6x10-6°C-i

Resistivity 2.82x10-6__cm

Table 4-8: Room temperature properties of 99.6% pure aluminum.[46,101,111]

The mechanical properties of aluminum are considerably poorer than Si and

GaAs. With a Young's modulus that is less than half that of silicon, it is clearly a more

ductile material. However, since the yield strength of aluminum, at 100 MPa, is at least

an order of magnitude below the fracture strength of Si and GaAs, aluminum is rarely
used as a structural support in MEMS.

For a considerable amount of time, aluminum was the only good conductor that

could easily be integrated into ICs. Since aluminum forms A1203 bonds with SIO2, it is

simple to adhere it to passivation layers. This fact lead to its widespread implementation,

despite the fact that materials existed with better electrical properties.
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B. Gold

Gold is a substance that is finding increasing use in the MEMS field. While not as

common as aluminum, it has many of the same features with some added advantages. Its

properties are listed below for reference.

Point

Specitqc Heat

Youn_'s modulus (bulk value)
Poisson's ratio

Ultimate tensile strength

Thermal conductivity

Coefficient of thermal expansion

75 GPa

.42

125 MPa

3.15 W/cm-°C

14.2x 10-6 °C -l

Resistivity 2.44x 10 -6 _-cm

Table 4-9: Properties of gold.[46,102,111]

Gold is not a material known for its strong mechanical properties. It is a soft,

ductile material that is easily deformed. As a result, it is not used as structural material.

Instead, it will almost always be layered on top of a more rigid material or be used in

applications that do not require mechanical motion. Gold does have problems adhering to

SiO2, but there are some established methods to circumvent them. One method employed

is to use an intermediary layer of chromium as an adhesive, since it forms Cr203 with

SiO2 and also strongly bonds to gold.

The main impetus for the use of gold in MEMS applications has been the fact that

it is a better electrical conductor than aluminum. In applications where high conductivity

is of paramount importance, gold is often the material of choice. One of the attractive

properties of gold is that it is a fairly inert material. This means that its surface does not

readily oxidize in atmosphere, which helps to maintain its conductivity in atmospheric

applications.

C. Copper

With the recent integration of copper into ICs, it will only be a matter of time

before copper becomes integrated into MEMS. Since many designers hope to eventually

place MEMS in system-on-a-chip devices, it is of paramount importance that low power

systems, that must therefore employ copper, can be developed. Copper has some unique

properties that make it worth the effort to integrate, as shown on the following page.
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Density
Melting Point
SpecificHeat
Young's modulus(bulk value)
Poisson'sratio

Ultimate tensilestrength
Ultimate shearstrength
Yield tensilestrength
Thermalconductivity
Coefficientof thermalexpansionT•

1083°C

0.39j/g_of

115 GPa

0.36

220MPa

150MPa

100MPa

3.98W/cm-°C

16.6x10-6oC-I

Resistivity 1.72x 10 -6 f_-cm

Table 4-10: Properties of 99.99% copper.[46,101,111]

Copper is actually a slightly stronger material than pure aluminum. However, it is

unlikely to be used as anything but a conductor in the near future due to the fact that it

does not adhere especially well to silicon, which makes it likely to delaminate. The

ability of copper to find a niche in the MEMS community will largely hinge upon the

strength of the adhesive bonds that can be formed. Copper is an excellent thermal

conductor, which will prove useful in many applications.

The main reason that large investments have been made into the development of

copper in ICs and MEMS is that it has a higher conductivity than aluminum and gold.

This means that it will dissipate lower amounts of heat and waste less power. Thus, there

is a great incentive to integrate copper into the MEMS industry in general and in the space

MEMS industry in particular.

VIII. Polyimides

Polyimides are a class of organic films that have proven promising as a possible

replacement for SiO2 as an insulator in microelectronics. There are a number of different

commercially available polyimide films used in the semiconductor industry and their

properties vary significantly. The main reason for the investigation of polyimide films is

that they offer a new generation of low permittivity dielectrics, some of which have been

reported to have a permittivity of less than 2e0. Since lower dielectric constant insulators

dissipate less power in FETs, these materials may begin to find their way into the MEMS

community. The materials properties of a PMDA/BPDA/TFMOB polyimide film have

been fairly well investigated and are offered below.
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'sModulus (outof plane)
ShearModulus
Poisson'sRatio(inplane)
Poisson'sRatio (outof plane)
Dielectriccoefficient

7.5GPa
8.0-15.0GPa
1.0-10.0GPa
0.35
0.1-0.45
2-4

Coefficientof thermalexpansion 6.0×10 -6 C -I

Table 4-11: Properties of PMDA/BPDA/TFMOB polyimide.

Polyimides are a weak class of materials. Their main function in MEMS has been

in circuits and as a layer of chemically active sensor materials on membranes and

cantilevers. As such, polyimides are generally not considered for structural applications.

The main impetus for developing polyimides was that they could have a lower

dielectric constant than SiOz, which could represent a major reduction in power

consumption on integrated circuits. Thus, much like copper, polyimides are likely to find

introduction into the MEMS market through their inclusion in the consumer electronics

market. As good insulators, polyimide films have a myriad of possible uses in the

semiconductor industry.

IX. Additional Reading

Michelle M. Gauthier, Engineering Materials Handbook ASM desk edition. Materials

Park, OH, November 1995.

K. Hjort, J. S6derkvist and J. -A. Schweitz, "Gallium Arsenide as a Mechanical Material"

Journal of Micromechanics and Microengineering, Vol. 4, No. 1, 1994.

D. Bloor, R. J. Brook, M. C. Flemings and S. Mahajan, eds. The Encyclopedia of

Advanced Materials, Elsevier Science, Ltd., New York, 1994.

These values will vary by manufacturer.
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Chapter 5: MEMS Device Processing

B. Stark and W. C. Tang

The growth of MEMS has largely been due to innovations in processing

technologies. Adaptations in the processes used to manufacture integrated circuits have

led to the development of MEMS and will continue to define the dimensional limitations

in devices. It is ultimately these technologies that determine the specifications and

reliability characteristics of any given device. As such, they are critically important to

understanding MEMS. This chapter offers a brief overview of the most common

processing techniques used today. It then describes the integration of these techniques

into micromachining.

In the fabrication of common MEMS devices, there are two basic techniques

employed. Devices can be constructed by patterning the bulk material of a wafer into a

desired structure or, alternatively, by patterning thin films of material deposited on the

surface of a wafer. These two processes, respectively called bulk and surface

micromachining, are the basis for any MEMS fabrication technology.

I. Microfabrication Processing Steps

There is a variety of processing techniques that are often used in all MEMS

processes.[6] The degree to which they are successfully implemented in any given

technology determines the viability of the technology. They are listed below to give a

basic description of MEMS processing.

A. Thin Film Growth and Deposition

Thin films are an essential building block of semiconductor devices. Surface

micromachined devices are constructed entirely out of successive layers of thin films and

bulk micromachined devices that employ thin films of silicon dioxide for electrical

isolation. There are several common methods for placing thin films on MEMS that are

discussed in this section.

i) Spin Casting

In this process, a material is in a solution with a volatile liquid solvent. The

solution is poured onto a wafer, which is rotated at high speed. As the liquid spreads over

the surface of the wafer, the solvent evaporates, leaving behind a thin film of the solid

material, which can be anywhere from .1 to 50 _m thick. Spin casting is useful for

depositing organic materials, such as photoresist, as well as inorganic glasses. Spin
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castingblurs the underlyingtopographyof a structure,yielding a smoothsurface. Spun
castmaterialsaresusceptibleto severeshrinkagewheneverthefilm coalesces,eitherfrom
solventremoval or post-bake.This meansthat spin cast films have an inherently high
residual stress. Spin cast films are also less denseand more susceptibleto chemical
attackthanmaterialsdepositedby othermeans.[6]

ii) Evaporation

Another way to place a material in a thin film on a wafer is to evaporate them

from a hot source. The evaporation system uses a vacuum chamber, which is pumped

down from 10 -6 tO 10 -7 Tort. A crucible is then heated to flash-evaporate material onto a

sample. This process is controlled by a shutter, which limits the amount of time in which

the wafer is exposed to the crucible. The thickness of the film is governed by the length

of time that the shutter is open and is also a function of the vapor pressure of the material.

Thus materials with a high melting point, such as tungsten, require high temperatures to

evaporate, which can burn organic films that are on the wafer. Since evaporated films

originate from a point source and the vaporized materials travel in a straight path, they

suffer from shadowing effects that yield non-uniform thickness and poor step

coverage.[6] A second factor affecting the coverage is the surface mobility of the species

on the substrate. As a general rule, evaporated films are highly disordered, which causes

a large residual stress and limits the thickness of the films.

Vacuum

Chamber

\

Diffusion

Figure 5-1: A typical evaporation system. (after [46])
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iii) Sputtering

Sputtering is a thin film growth technique that eliminates many of the problems

inherent to flash-evaporation. Sputtering works by inserting a wafer into a vacuum

chamber that is subsequently pumped down to between 10 -6 and 10 8 Torr. Then an inert

gas of a few mTorr of pressure is introduced into the system, which is then ignited into a

plasma. The highly energetic ions of the plasma strike a target of sample material and

tear atoms off its surface. These atoms then form a thin film across the wafer. This

process creates a continuous planar flux of the species landing on the wafer, which makes

preferable for mass production.J6] Another desirable aspect of sputtering is that the high

energy plasma does not have the same temperature problems inherent to evaporation.

Most elements and many inorganic and organic compounds can be sputtered. Refractory

materials that are difficult to evaporate can be easily sputtered as well. Sputtering can

also be done with more than one target, which allows control of the atomic composition

of thin film alloys. Sputtered films have better step coverage and uniformity than

evaporated films, but they are disorganized structures whose mechanical properties and

residual stresses are sensitive to sputtering conditions. Problems also arise from the inert

gas used in the sputtering process, which can become trapped in the film and cause

inconsistencies in the mechanical properties of the films.[46]

t

Figure 5-2: Basic sputtering system. (from [46])
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iv) Reactive Growth

Reactive growth differs from the previously mentioned methods in that it utilizes
chemical reactions with the substrate to construct thin films on wafers. The most

common example of this process is with the growth of oxide films on silicon wafers. In

this process, a wafer is placed into a furnace with oxygen gas (dry oxidation) or steam

(wet oxidation). The silicon is gradually oxidized at a highly predictable rate that

depends upon temperature and crystalline orientation.

concentration

gradient

02

of 0 2 and Si at

SiOz/Si interface

Figure 5-3: Reactive growth process.

Reactively grown films are usually of excellent quality but suffer from large

residual stresses due to volume changes in the processed sample. In silicon dioxide

growth, there is a volume change of about 45%, which causes mechanical warping.
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v) ChemicalVapor Deposition

Chemical vapor deposition, or CVD, involves thermally breaking down gaseous

compounds into their components. When they impact a wafer, some of these components

nucleate onto it, which grows a thin film. CVD is limited by both the mass transport and

reaction-limited processes, with the latter method being preferable due to its better

uniformity. This process can be used to deposit many common semiconductor materials,

including silicon dioxide, silicon nitride, polycrystalline silicon, and refractory metals. In

low pressure thermal CVD, or LPCVD, films with the most desirable mechanical

properties are produced. Unlike other methods, CVD films can be deposited conformally

on a sample. This property allows CVD films to seal cavities, which can be advantageous

in many devices. The stresses and mechanical properties of CVD films can be controlled

through the deposition conditions and subsequent annealing. A CVD process called

epitaxial growth can be utilized to grow single crystal films on crystalline substrates.
Since these films have the same properties as bulk crystals, they could find a multitude of

applications in the MEMS industry.

Figure 5-4: A chemical vapor deposition system. (from [179])
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vi) PlasmaDeposition

Plasma-induced reactions are commonly used for the deposition of MEMS

materials. The decomposition of gaseous compounds into reactive species can be induced

by the presence of a plasma. This process is known as plasma-enhanced CVD or

PECVD. This process utilizes a plasma that contains many ionized species. Some of

these species are then deposited on the substrate, which forms a solid film. PECVD films

are deposited at a faster rate and require a lower deposition temperature than thermal

CVD films, which permits deposition on low-melting point substrates. A number of

organic films can also be deposited through PECVD. These films find use as resists for

nonplanar substrates. However, PECVD films contain cracks and pinholes. Accurate

control of the stoichiometry is difficult as these films contain trapped byproducts from the

reaction (especially H2) that affect the film's mechanical integrity and residual stress.

o,>

Posilive (¢) Negativ_
re,st

l__l

<d
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I I"----I

Figure 5-5: The basic photolithographic process in a cross sectional view. First a thin film is

deposited on the substrate in (a) followed by the photoresist in (b). UV rays are then focused through
a mask onto the surface in (c). Depending upon the type of photoresist, the exposed resist is either

removed or left intact in (d). Next, the film is stripped away in places that it is not covered by resist
in (e). Finally all of the resist is removed in (f). (from [158])
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B. Photolithography

Photolithography is the process by which patterns are transferred onto a wafer. It

is accomplished by spinning a thin layer, usually 1 _m thick, of photosensitive organic

material, called photoresist, onto the wafer. Then a light source, which typically has an

ultraviolet wavelength, is flashed through a computer generated quartz mask and focused

onto the photoresist. Then, in a process similar to photographic picture development, the

photoresist that has been exposed to light is washed off with the aid of a chemical

developer. The remaining resist then acts as a barrier for the underlying regions for

further processing. After the processing on the exposed layers has been completed, the

resist is washed off and a clean processed wafer is left. This process is typically repeated

many times with different mask sets for many of the most common integrated circuits

fabrication processes. There are several critical sub-processes in photolithography that

need to be addressed as well.

Figure 5-6: Typical alignment machine.

i) Mask Fabrication

The quartz mask is generated by photolithography as well. This process utilizes a

glass plate with chromium or emulsion patterns and entails the use of a computerized

mask making machine. It starts with a pattern for the mask being entered into the

¢om_ter through commercially available CAD tools. The pattern is then broken down

into small rectangular regions transferred to a mask-making machine. Then a glass plate

coated with light blocking chromium or emulsion and photoresist is exposed. The data on
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thecomputeris usedby the maskmakerto position the mask and determine the size of a

variable aperture shutter on the ultraviolet light source. Each of the rectangular boxes is

then individually exposed onto the plate. Depending upon the design, this process may be

repeated over one hundred thousand times before the mask is finished. After this

exposure step, the photoresist is developed and the chromium or emulsion pattems are
etched.

ii) Alignment and Exposure

In processes that require multiple masks, each mask layer must perfectly match the

features on the substrate. This is done by aligning the mask to special features, called

alignment keys, on the wafer prior to exposure. A typical mechanical alignment utilizes a

sample, mask holder, a stereoscopic microscope, an ultraviolet light source, and a

precision positioning stage, as shown in Figure 5-6. This can either be done with a

stepper aligner, which exposes one die at a time, or with a contact aligner, which exposes

the whole wafer at once. Often in MEMS, the fabrication process requires

photolithography to be performed on both sides of a wafer. To accomplish this, two

masks are aligned with each other inside a secure assembly. Then the wafer is inserted

and aligned with one of the two masks before being exposed to the ultraviolet light

source. There is also an alternative method employed that uses an infrared microscope to

locate alignment keys on the back-side, which could offer better alignment precision.[6]

C. Etching and Patterning Techniques

After a pattern has been transferred onto a wafer, it is often necessary to strip away

unwanted sections of materials. This process, called etching, determines the dimensions

of a MEMS structure. Invariably the reliability of a device will be related to how well the

etching is performed and, as such, it must be well understood before a device can be

qualified. There are several standard etching techniques used throughout MEMS

processing that will be discussed in the following sections.

i) Lift-off

Lift-off is a simple patterning technique. It is accomplished by depositing a layer

of sacrificial material, like photoresist, on a substrate. This layer is then patterned, which

usually involves the photolithographic processes discussed above. Then a layer of

structural film is evaporated onto the substrate. The pattern on the sacrificial layer is then

transferred to the structural layer by removing the sacrificial layer. This has the effect of

removing all of the structural material that is on top of the sacrificial layer, thus leaving a

patterned structural film.
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ii) Wet Etching

Wet etching involves immersing a wafer patterned with photoresist or other etch

masks in a chemical bath. The chemical etchant selectively removes material not covered

with the mask. The exact profile of the patterning depend on the anisotropy of the etch.

Wet etchants all exhibit a degree of isotropic behavior. This has the effect of

undercutting the patterned structure, making it smaller than the resist mask. The degree
to which the etchants etch the <100>:<110>:<111> directions is responsible for

determining the maximum aspect ratio of many structures. Another important aspect of

many etchants is their ability to selectively etch one material over the other. Called

selectivity, this ratio determines how thick etch stops must be and provides dimensional

limits on many technologies.

There are several different chemicals used in wet etching. Acidic etches are used

for isotropic release etches. These are usually completely isotropic etches that are

designed to separate suspended structures from the underlying substrate. Common acidic

etchants are HF, I-INO3, and CH3COOH. These chemicals etch from 50 to 150 I.tm/h.

SiO2 is often used as an etch stop for these materials, as it is usually etched at a rate of 2

p.m/h.

For an anisotropic etch, alkaline etchants are commonly used. These exhibit

different degrees of selectivity and etch rates. Typically these chemicals etch <111>

planes much slower than the <100> and <110> planes. This effect and its impact upon

MEMS devices is discussed in greater detail in Section 5-ILA. Some etchants can also be

influenced by the introduction of boron into the bulk material, which can greatly reduce

the etch rate. It is also possible to influence etch rates in a process known as

electrochemical etching, which involves applying a voltage across a p-n junction.

iii) Dry Etching

Dry etching, also referred to as reactive ion etching, or RIE, involves using

etchants in a gaseous state. The etchant is converted to a highly ionized plasma. Dry

etching is performed in a chamber pumped down to a pressure between 10 mTorr and 1

Tort. A wafer is placed between two electrodes, which are then exposed to an RF

voltage, which creates a plasma in the chamber. Etching occurs when highly reactive free

radicals in the plasma react with the solid-phase material of the film. The anisotropy of

the etch is a result of the chemical reaction being preferentially enhanced on the side of

the wafer parallel to the electrodes by bombardment from ions in the plasma. The ions

impinge the surface of a film and expose underlying material, which is then etched away

by the gas. The ions accelerate the etching process considerably, which means that the
vertical sidewalls of the wafer, which do not interact with the ions, are not affected by dry

etching.
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GaAsanisotropicetchingis usuallyperformedin chlorinatedgasses.Oneof the
problemswith GaAs etchingis that, dueto differencesin theetchratesof group 1/I and
groupV halides,thespeedof etchingin GaAsvarieswith crystalplanes. In low power,
high pressureC12gasses,significant facetingcanoccur.Thereareseveralmethodsthat
can be used to avoid this problem. It is possible to add certain compoundsto form
polymers in the plasma and passivatethe side walls, thus preventing the problem.
Another possibility is to usehydridesto etch arsenicand methaneto etch gallium. A
mixture of AsH3and between5 to 25% methanehasbeenshown to be an effective
anisotropicetchant.[46]

Oneof the major drawbacksto reactiveion etchingis residualdamagecausedby
the etch. With ion fluxesof 10J5ions/cm2deliveredat 300 to 700 eV, substratedamage
andchemicalcontaminationareseriousissuesto consider. Anotherproblemis gasphase
particle deposition and metallic impurities originating from the RIE chamber and
electrodes. Several more complex techniqueshave been derived to remove these
problems,but theycomeat addedexpenseandpreparationtime. It is alsoknownthat the
RIE candrive impurities into thebulk material to depthsof 30 nm, which can limit the
fracturestrengthof a structure.[46]

II. MEMS Fabrication Processes

A. Bulk Micromachining

The distinguishing characteristic of bulk micromachining is that it fabricates

micromachined devices out of the bulk of a substrate. In recent years, several variants of

this procedure have appeared that utilize different etching and patteming techniques. In

this section, a brief overview on bulk micromachining will be offered that will include the

most prevalent processing techniques.

Bulk micromachining begins with a single crystal substrate. A thin film of

material that is inert to the chemical etchants is then deposited on the substrate. For

silicon substrates, silicon oxide or nitride are most commonly used as an etch mask. Then

the film is patterned so that the undesired portions of the film are removed. This leaves

the bare substrate exposed.

At this point, the bulk material is etched. The etching of the bulk material can

either be performed with a wet or a dry chemical etchant. Since the processes associated

with these etches are substantively distinct, they will be individually addressed.
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i) Bulk Micromachining with a Wet Etch

_ boron doping

2 nd oxide layer

(e)

(d)

Figure 5-7: A side view of a generic bulk micromachining process. (a) an oxide layer is grown and
patterned on top of a <100> silicon wafer. (b) Boron is ion implanted and annealed to the suitable

depth. (c) a second oxide layer is grown and patterned. (d) KOH anisotropic etch.

The process associated with the wet chemical etching of silicon is illustrated in

Figure 5-7. As the figure shows, this anisotropic etch occurs in diagonal direction. This

is a common feature of wet anisotropic etches. Since the early 1960s, alkaline solutions

have been used to etch silicon along crystalline planes. The etch rate is slowest in the

<111> direction and fastest in the <100> and <110> directions. The result of this uneven

etch rate is that the bulk material is etched at an angle of 54.74 ° , which is the angle

between the (100) surface and the four {111 } planes. The ratio between the etching in the

desired directions and the etching in the undesirable directions is defined as the

selectivity. An etchant that has a better selectivity will yield a more defined, and hence

better, finished structure.

There are several characteristics of anisotropic etches that lead to important design

considerations. The major constraint is that designed features must be bound by the

{ 111} planes thus the resulting structures are necessarily rectangular, with sidewalls

sloping away at 54.74 °. The use of less popular <110> oriented Si wafers yields vertical

sidewalls but the planar features can only be long parallel strips on the substrate, which

have limited use. In recent years a number of groups have begun exploring dry etching

processes that offer the possibility of anisotropic etchings.

79



Step 1:
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Figure 5-8: A side view of one of the dry etch micromachining processes. In Step 1, an oxide coating
is grown on top of the substrate and patterned. Then, in Step 2, a reactive ion etch removes silicon
and transfers the pattern from the oxide. Step 4 exposes the bottom of the wafer for Step 5, etches a
small amount of substrate. This allows Step 6 to proceed, which is an anisotropic etch that releases
that structure from the substrate and often deposits a layer of metallization to create an conductive
surface.

ii) Bulk Micromachining with a Dry Etch

Bulk micromachining involving dry etching is performed in much the same way

as bulk micromachining with a wet etch. One example of a dry etching process is the

SCREAM process, which was developed at Cornell under the supervision of Noel

MacDonald and is illustrated in Figure 5-8. This process is conducted by transferring a

pattern onto the substrate. Then, a reactive ion etch is performed. Normally after this, a

second deep etch is performed to expose oxide-free silicon. From this point, an isotropic

etch can be performed to release the whole structure, which creates high aspect ratio

structures suspended above the substrate.[ 180]

There are multiple methods employed to produce finished devices through a

reactive ion etch. While the processes vary by research group, all employ a deep reactive

ion etch that can create aspect ratios higher than 20:1. It is the ability to produce these

high aspect ratio structures, which can have higher mass and capacitance per silicon

surface area than many other MEMS technologies, that has helped to drive the

development of RIE in MEMS production.

In the production of bulk micromachined devices, it has proven useful to layer

devices. The most common method of achieving layered bulk micromachined devices is

by bonding two wafers together. For this reason, different wafer bonding techniques will
be addressed.

80



iii) Wafer Bonding

Wafer bonding has been used in recent years for both sealing microsensors and for

the construction of composite sensors. There are several kinds of wafer bonding

techniques commonly employed, which are discussed below.

(1) Anodic Bonding

Anodic, or electrostatic, bonding is a process that bonds a conductive substrate,

which is usually silicon, to a sodium rich glass substrate. This is done by putting the two

substrates into direct contact. They are then heated to between 350-400 °C, which

mobilizes the sodium ions in the glass. Then a voltage of 400-700 V is applied between

the two substrates, with the glass substrate being made negative with respect to the silicon

wafer. This repels the sodium ions from the interface and creates an ion-depletion region

about a micron thick with electric fields on the order of 7x106 V/m. This creates an

electrostatic pressure of several atmospheres, which pulls the two wafers together while a

thin layer of SiO2 is formed. The end result of this process is a hermetically sealed bond

with a strength that exceeds that of the individual substrates.

There are several reliability concerns in producing these bonds. The high

temperature at which the bond is formed can induce thermal mismatch warping in a

processed device. There can also be warping at the bonding interface from unmatched

thermal coefficients of expansion. Currently, Coming glass 7740 offers the closest match

to silicon. Another concern is the introduction of the large voltages and electric fields

inherent to the bonding process. It is possible to destroy the device in the bonding

process if these factors are not considered.[6]

(2) Low-Temperature Glass Bonding

Low-temperature glass bonding offers a viable alternative to anodic bonding for

applications where high voltages are unacceptable. In this process, the bonding interface
is covered with a thin film of low-temperature glass. The wafers are then placed into

contact under pressure and heated to create the bond. The low-temperature glass then

either melts or crystallizes, depending upon the actual glass used, which bonds the two

substrates. In general, these bonds are not as strong, and thus less reliable, as anodic

bonds.

In some applications, glass frits are used to form bonds. These frits are solutions

of metal oxides that form a paste. Under pressure, the frit will form a film that seals

rough surfaces. This film can be hardened by heating it to between 300-600°C. The

thermal expansion coefficient of these frits can range between two to five times more than

that of silicon, which can lead to warping problems.
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(3) FusionBonding

Fusion bonding is a techniquethat fuses two materialstogether through high
temperature. This processis usedcommonly in the productionof silicon-on-insulator
devicesandpressuresensors.It is accomplishedby taking two cleanwafersandplacing
them on top of one another. This bondsthe two wafersthroughVan derWaals forces.
They arethenplacedinto a furnaceto createthe final bondat temperaturesin excessof
1000°C.

While this processcreatesstrongbonds it hassomeseriousdrawbacks. High
furnacetemperaturesprohibit the useof active devicesin the wafer prior to bonding.
Furthermore,the weak initial bond makesthe final bond strengthvery sensitiveto the
surfacetopologyof thewafersandthepresenceof contaminants.For thesereasons,these
bondsarenot alwaysthemostreliableandareoftendifficult to use.

iv) Reliability Issues

Figure 5-9: Hillocks caused by wet etchants.

Bulk micromachined devices have reliability concerns that vary with the processes

used to fabricate them. One problem with using wet etchants is that they create sharp

comers in silicon. These comers are natural stress concentration points that will weaken

the strength of a structure. The use of chemical etchants can also lead to rough features

on the surfaces of processed structures. The features, called hillocks in the literature, are

a periodic undulation in the silicon. The presence of hillocks, which has been measured

as high at 10/am, precludes many electrostatic devices from operating properly.

Furthermore, hillocks create natural stress concentation points that are more likely to

fragment over time, which can create destructive free particulates in the MEMS device.

Dry etching can have reliability problems caused by the reactive ion etch. While

the sidewalls created by these etches are intended to be vertical, they often have irregular

features. Poor control over the conditions inside the etching machine can lead to

unintended geometric effects on finished devices, as shown in Figure 5-10. A study

conducted at Carnegie-Mellon University[ 168] has shown that the 02 flow rate, pressure,

and RF power density of the RIE machine can influence the formation of different

sidewall features. Devices produced that have these uneven sidewall features will have

questionable reliability characteristics, as these features are indicative of a poorly
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controlled processline. Devices with thesefeatureswill also depart from predicted
operationalcharacteristicsand, as a result, devicesmade with dry etchesneed to be
screenedfor thesecharacteristics.Onepositivefeatureof using anRIE systemis that it
producesmoreroundedcomersthanwet etching. As a result,thesestructuresarenot as
proneto fracturingaswetetcheddevices.

Re-entrant Vertical Tapered

iiii in ii

• - i iF iii ii

Notched Ripples

Figore 5-10: Possible sidewall features created by a poorly controlled RIE. (from [lgl])

B. Surface Micromachining

Surface micromachining is a process that offers many advantages and

disadvantages different from bulk micromachining. Surface micromachining differs from

bulk processes in that devices are fabricated entirely out of thin film materials. One of the
most attractive features of this process is that it, like reactive ion etching, does not suffer

from the 54.7 ° feature enlargement common to bulk micromachining with wet etchants.

A key design feature of surface micromachining is the choice of structural and sacrificial

thin films.

A typical surface micromachining process starts with a silicon substrate passivated

by silicon nitride. Upon this substrate, a thin film of sacrificial oxide is deposited. This

film is then patterned according to the device's design. After this, a layer of thin film

polysilicon is deposited to form the structural material. The most common method of

deposition is through LPCVD, which can either produce polycrystalline or amorphous

silicon films depending upon reaction temperature. This process allows tight control

over the residual stress in the films. After this, the oxide layer is often removed by

immersing the structure in a HF solution. For most surface micromachining, the process

of depositing a layer of oxide, followed by a layer of polysilicon will be repeated several
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times to produce multi-layered structures. Figure 5-11 shows a common process

developed by MCNC that uses three layers of polysilicon. [ 144]
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Figure 5-11: The surface micromachining process using three layers of polysilicon. (from [144])
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The ability to layer structures in surface micromachining has piqued the interests

of many researchers. It allows for the construction of structurally complex sensors that

are difficult to fabricate with bulk processes.

i) Reliability Issues

Another consideration that needs to be addressed in these devices relates to their

mechanical properties. While bulk materials have well understood properties, the

mechanical attributes of surface micromachined devices depend upon thin film processing

conditions. To ensure reproducible devices, these conditions must be well controlled. In

particular, many of the materials used in these devices have large built-in stresses which

affect the performance of the device to a variable degree (Figure 5-12).

Figure 5-12: MEMS structure with a large residual stress. (from JPL)
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Surfacemicromachineddevicesalso have adhesionproblemsthat are inherently
worse than bulk micromachining. Cantilever beams are produced in surface
micromachiningon top of a sacrificialoxide layer,which is removedby immersionin an
HF bath. Then the structureis cleanedin de-ionizedwater. After this, a of 5-30/_,thick
oxide layer will form on the surfaceof the polysilicon. Therewill also be hydroxyl
groupsin the oxide layer,which havea high surfaceenergy. This makesthe oxide layer
extremelyhydrophilic,which createsa strongcapillary forcebetweenthebeamsandthe
substrate.This capillary force will pull the beamto thesubstrateandcreateanadhesive
bondbetweenthebeamandthesubstrate.

Thereareseveralmethodsnow usedto preventreleasedstructuresfrom bonding
to thesubstrate.Severalgroups,including thoseled by R. Howeat BerkeleyandN. Tien
at Cornell,utilize a thin film of self assembledmonolayerson the surfacemicromachined
device. The monolayersare hydrophobic,which createsa repulsiveforce betweenthe
substrateand the suspendedstructures,which effectively prohibitsadhesivebondsfrom
forming. However,it remainsunclearwhat impact themonolayerswill haveon thelong
term reliability of thesedevices. Anothermethodthat preventsthe creationof adhesive
bondsinvolves using polyimide asa sacrificial material. This technique,developedby
GregoryKovacsat StanfordUniversity, utilizes aluminum structuresthat arereleasedin
an oxygengas. Since this processdoesnot utilize any liquids, no adhesivebonds are
formed.

C. LIGA

LIGA is a German acronym that stands for lithography, electroplating, and

molding. LIGA was developed to produce high aspect ratio structures. LIGA offers some

unique properties that makes it an interesting technology. LIGA enables the construction

of structures with the thickness of bulk micromachining with a degree of design freedom

similar to surface micromachined devices. This technology offers structures several

hundred microns thick, with a minimum feature size of only a few microns.
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Fig, 1 Fabrication is done on a (tO0) silicon wafer _ a 0.Sum oxide Iq.vef. A

plat_lg base is formed by opuitedng 300rim of Tp and 5000A of Cu w_th a lop

layer of 300A Ti. The T_and Cu also act as a release layer. Thick photoresist

is applied and exposed using x-rays from a syncholron and developed with a
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Fig. 2 The desbed melal, in this case nickel,is elecboplated onto

the suibsbate, filling the voids in the PMMA.

PMMA

Pla_g Base
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Fig. 3 The metal and PLeA are milled back to produce a uniform top surface.

II//
Fig. 4 Finally, the PMMA is removed. If desired, the customer can

release the structures from the substrate by etching away the

plating base in an NH 40 2/H 20 2 solution.

Figure 5-13: The basic LIGA process. (from [144])

The LIGA process begins by depositing a layer of thick photoresist, usually poly-

methyl methacrylate, or PMMA, that is between 300 and 500 p.m thick onto a conductive

substrate. The PMMA is then pattemed with short wavelength radiation from an X-ray

synchrotron source for several hours. Then a layer of metal is electroplated onto the
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exposedareaof the conductivebaseplate,which fills in the openareascreatedby the
patterning. Then the metal structureis separatedfrom the PMMA mold, as shown in
Figure 5-13. This metal structurecan in turn be usedas a mold insert for injection
molding to form multiple plastic replicasof the original plating base. Theseplastic
replicascanthenbeusedto makemultiplecopiesof theoriginal structure.

The LIGA techniqueinvolves someadvancesbeyondsemiconductorprocessing.
TheX-ray sourcemustbe capableof deliveringat least 1GeV of energyat wavelengths
shorterthan7 A. To withstand this bombardment, the opaque part of the mask must be

constructed out of a material with a high atomic number. Furthermore, the transparent

part of the mask must have a low atomic number to allow the photons to pass through

without heavy absorption and scattering. Successful masks have been made with 3 I.tm

thick gold in the opaque region and 1 to 2 lain thick silicon nitride or titanium foil in the

transparent region. Another hurdle to overcome is the electroplating of the patterned

structure. This step requires accurate controlling of current density, temperature,

concentration, and composition of the plating solution to prevent the formation of

hydrogen bubbles, which can ruin a structure. These conditions also determine the

internal stress of the device and thus must be well understood and controlled to ensure

reliable device operation.

i) Reliability Issues

LIGA, as a relatively costly technology, has not been researched as t'ully as other

MEMS processes. As a result, the LIGA process can have great variability across process

runs. Another problem with LIGA is that the injection molding process and mold

separation processes require almost perfectly vertical structures. This issue has become a

strong factor in the device yield of LIGA technology.

D. GaAs Processing

The processing of gallium arsenide can be as varied as silicon processing. While

there are many GaAs processes that are very similar to those of silicon, there are some

techniques that are unique to GaAs. These GaAs processing techniques are an offshoot of

bulk micromachining that utilizes the unique properties of GaAs and its ternary alloy

A1GaAs to produce structures.

One method of processing GaAs wafers is to use ion implantation. The first step is

to layer an implantation mask. Then a layer of N ions is implanted into the substrate.

The depth that they travel into the substrate is a function of accelerating voltage. Then

the mask is removed and the sample is annealed at 750°C for about 30 minutes while

covered with PECVD Si3N4. This process recrystalizes the buried layer to a GaAsl_xNx

layer. Then a SiO2 etch mask is evaporated onto the surface of the wafer. Then an

88



anisotropic etch is performed to expose the buried layer. Finally a selective etch is used

to remove the buried layer. This process is illustrated in Figure 5-14.

[[]implantation mask

[] Si3N4

EGaAs

!_!_...... _i _i_¸¸_¸_

Figure 5-14: Fabrication of a suspended structure in GaAs. First a layer of N ions is implanted into
the substrate, then a Si3N4 structure is patterned on top. Finally the N ion layer is selectively
removed, leaving a suspended structure.

Another GaAs process used in producing microstructures is to micromachine

through the use of epitaxy. This process utilizes the chemical difference between GaAs

and AlxGal_xAs in order to gain the desired results. The first step to this process is to use

epitaxial growth to produce an undoped AlxGal_xAs layer on top of a GaAs wafer. Then a

Si3N4 etch mask is applied to the back side of the wafer. This mask then allows the full

removal of the GaAs by using an H2OJNH4OH solution, which leaves only a thin

membrane of AlxGal_xAs as shown in Figure 5-14.[21]
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Figure 5-15: Fabrication of an AIGaAs membrane. The first step in this process is to epitaxially

grow a AIGaAs layer on the GaAs substrate. Then a Si3N4 etch mask is used to etch away the back
side of the structure.

i) Reliability Issues

One issue that is an area of concern in GaAs processing is the internal film

stresses created by thermal mismatch in GaAs-Al_Ga__xAs heterostructures. Epitaxial

growth is a high temperature process which will, even though the lattice parameters of

these two compounds are well matched, create a strain from differing expansion
coefficients.

III. Additional Reading

Sze, S. M.ed., Semiconductor Sensors, Wiley Inter-Science, New York, 1994.

S. A. Campbell, The Science and Engineering of Microelectronic Fabrication, Oxford

University Press, Oxford, 1996.
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Chapter 6: Common Device Elements

B. Stark

While a completed MEMS is a complicated device, the individual components of

any given system are much simpler to understand. Due to the nature of MEMS

processing, no single component can be very complex. This in turn means that

understanding of a MEMS device can be gained through knowledge of a few simple parts

and understanding how they interact. To ensure the reliable operation of a MEMS device

it is sufficient to ensure the reliable operation of all the constituent parts.

One of the difficulties in writing a guideline is trying to select material that will

not be dated before the book goes to press. To preclude this problem, this chapter does

not address specific sensor technologies, but rather it deals with device elements. It is

assumed that a knowledgeable reliability engineer can construe all the necessary

information on, for example, a capacitive accelerometer by examining the sections on

structural beams and parallel plate capacitors. It is felt that this arrangement of the

material will increase its useful lifetime.

This chapter has been loosely organized into three sections. The first three

subchapters discuss structural elements in MEMS. The next two subchapters, along with

part of the third, discuss transducer elements. The remainder of the chapter is dedicated

to actuator technologies.
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I, Structural Beams

Structural beams are a basic building block of most MEMS devices. A beam is,

as the name implies, a long thin piece of material that often serves as the supporting basis

for a structure. While this is fairly self-evident, there are also some commonalities

specific to MEMS beams that are useful to understand. The majority of beams used in

MEMS have the rectangular cross section defined below:

out of plane

in-plane

neutral axis

Figure 6-1: Cross section of common MEMS beams. Dimension A is planar and is limited by the
minimum feature size of the processing technology. Dimension B is non planar and is limited by
the aspect ratio of the etching technology.

Figure 6-2: SEM picture of beam with all dimensions labeled. (from [155])

A SEM picture of a beam is included in Figure 6-2 to show the usual labels given

to each beam dimension. It should also be noted that the rectangular cross section is a
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generally accepted approximation, as there are multiple non-uniform features introduced
in device construction. In some cases, such as beams made with wet etching and certain

CMOS processes, the cross section is more trapezoidal than rectangular. However, once

the basic shape of the beam is determined, it is relatively simple to construe its

mechanical properties.

A. Structural Analysis of Support Beams

i) Static Deflections

Support beams are analyzed for both reliability and performance using techniques

common to most engineering students. One issue critical to understanding beams is

understanding how they bend under different loadings. The most common method to

determine this involves the Euler-Bernoulli equation:

d2y _ M(x)

dx 2 E1
(6-1)

where

x = direction along the neutral axis

y = direction along the transverse axis

E = Young's modulus

I = area moment of inertia

M(x) = the bending moment in the beam, which is usually a function of x.
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As this definitionmaybeabit obtuse,Figure6-3 illustratestheconceptbeingdescribed.
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Figure 6-3: Displacement of loaded cantilever beams.

To analyze the deformation of a beam under transverse loading, Equation 6-1 is

integrated twice using the appropriate boundary conditions. This yields the result:

lII_
y(x) = E1 (x)dxdx + Cx + D (6-2a)
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1 IM(x)dx+Cy'(x) E1

(6-2b)

where C and D are constants determined by the boundary conditions.

For a cantilever beam, which is one of the most structural beams in MEMS, with

the boundary conditions of y(1)=0 and y'(1)=0 and a force, F, applied at one end, the

equation yields:

= _ + (6-3)
6 2
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• End applied load ----- Distn'buted Load ]

Figure 6-4: Graphical representation of a cantilever beam deforming under a transverse load.

Figure 6-3 contains the equations describing cantilever deflections under other

common loading conditions. This analysis also leads to another piece of information that

is useful to understand. Since Equation 6-3 describes a linear force-deflection

relationship, it is essentially describing a spring reacting to an applied load. This means

that it is possible to extract a spring constant, k, from this expression. Evaluating y(x) at a

specific point will determine the spring constant. For this example y(0), which is equal to

-F13/3EI, will be used. Rearranging this equation yields:

F 3EI (6-4)

y(0) 13

and, since F/y = k, this gives the result:
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3E/
ky = --/7 (6-5a)

The value of I can either be determined by integration or by tables. For

rectangular cross sections and planar bending, I is a3b/12 and Equation 6-5a is rewritten

as 6-5b. If a non-homogenous beam is used, then the method introduced in Chapter 5-2C
describes how to normalize this beam to a uniform cross section.

Ea3b
ky - (6-5b)

4l 3

While this expression is useful for predicting displacement under a given load,

there are some limitations to it that must be understood. Hooke's law of Fx=kx only

applies for small displacements. For larger displacements, non-linear terms will appear in

the force-displacement equations. The degree to which this equation applies thus depends

largely upon how large a force is applied to the structure. Often, to simplify the

development of devices, designers will construct structures that will operate solely within

the linear regime. However it is important to understand that the linear force-

displacement equation is only a first order approximation of the actual relationship
between force and displacement.

(a)

(b) r

Figure 6-5: Beams displacing an angle, d_,due to an applied torque. (from [11])
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For someapplications,especiallythoseinvolving non-planardisplacements,it is
necessaryto subjectstructuralbeamsto a torque. Therearemethodsfor analyzingrigid
bodiesundera torsional load, an exampleof which is shownin Figure 6-5. For these

applications, it is useful to relate a torque to the angle of twist, d_,which can be
accomplishedwith theexpression:

TL (6-6)

qk = c2Ga3b

where

T = applied torque

c2 = a constant defined in Table 6-1

Ilia c i c2

1.0

1.5

2.0

2.5

3.0

4.0

5.0

0.208

0.231

0.246

0.258

0.267

0.282

0.291

0.1406

0.1958

0.229

0.249

0.263

0.281

0.291

0.31210.0 0.312

0.333 0.333

Table 6-1: Constants for rectangular cross sections under a torsional load.[ll]

As might be expected, there is also a torsional stiffness related to beam geometry

that is useful in analyzing non planar actuators. This stiffness, 1% is defined by:

T a3b (6-7)
k# =- -- = 2c2G--

# l

ii) Oscillatory Motion

As structural beams are often operated in resonant modes, it is necessary to analyze the

oscillatory motion of beams. Resonant frequency I is determined by the equation:

i The terms "resonant frequency" and "natural frequency" are used interchangeably in this section.

Although this is common in the literature, these are actually two distinct quantities. The relationship
between resonant and natural frequency is discussed in detail in Section 3-VII.
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(6-8)

where

k = stiffness or spring constant

rn_ff = moving mass

The only two quantities required to determine the natural frequency of a beam are k and

rr_ff. Since k has already been derived, it is necessary to calculate the moving mass. The

moving mass can be analytically determined using Rayleigh's method. However, this

method exceeds the scope of the guideline. It suffices to know that, for a cantilever beam,

the moving mass is roughly 23% of the total mass. This can be analytically described by

m ,g = .23 pabl

where p is the mass density of the beam. This leads to a final expression for

resonant frequency:

(6-9)

(6-10)

In cases when beams oscillate in torsion, the torsional resonant frequency is:

(6-11)

Since beams driven by harmonic transverse loads behave similarly to strings in

tension, the wave equation can describe analytically how a beam moves in resonance:

OF m O2y

Ox I t_t 2 (6-12a)

Through a substitution of the force for an expression involving the moment, this

equation becomes:

C32 ( EI t92 y _ _ m t92 y

ax C 7x J
(6-12b)
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This equationdescribesthe curvatureof a beamasa function of time.

the study of differential equations, Equation 6-12b is solved as:

y = (AI sin(Kx) + A 2cos(Kx) + A_sinh_x) + A4 cosh(Kx))cos(ca + ®)

Through

(6-13)

where

An = constant determined by the boundary conditions

g 4 = o-)2m

E/l

This reveals that, at resonance, a beam will oscillate in a sinusoidal fashion, with

the shape of the beam determined by the boundary conditions:

_ 0.7741

..............................

0.51 0.3591 0.6411 I_

Figure 6-6: Oscillatory modes for cantilever beams (top) and built-in beams (bottom).

While using the above techniques will determine the shape of beams under a

variety of loads, different methods will have to be introduced to insure that the beams will

not fail under the stresses caused by these loads.

B. Failure of Structural Beams

A structural beam will fall when the maximum allowable stress has been

exceeded. For different types of materials, different failure modes are exhibited, as

discussed in Chapter 3. However, for reliable operation, the stresses in materials should

not approach either yield or ultimate stress. There are several methods useful for

calculating stresses in materials.

The normal stress, gx, is easy to calculate. It can be determined by the relationship:
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or,,=My (6-14)
I

where y is the vertical distance from the neutral axis.

While this equation is valid for small deformations, for large deformations, the

dy[_ , becomes important. For large deflections theslope of a beam at the loading point I, _xx,t

maximum stress is:

I2EIMdYl
crt_e Y .! dxll

--max =TV tO_v2)

(6-15)

The ratio of _m,,, largeCrm_x /Crm_ is compared to get an estimate in the error in using the

linearized approximation of Equation 6-14. One study [40] found the error to be 5% at

tan-'(dYl ]= 30 °, 11% at 45 ° and 22% at 60 °. So, the extent to which a linear
tdxl,)

approximation is valid depends upon the size of the deflection, as one would expect.

Determination of shearing stress is slightly more difficult. Shearing stress is

calculated by examining a section of a beam and using the equation:

r_e =VQ (6-16)
It

where

"t'ave= average shearing stress in a section of the beam

V = vertical shear in a given cross section

t = thickness of the cross section

Q = 1st moment of the area defined as Q =

y=C

fyda
y=yl

I This derivation assumes a concentrated load.
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Y

V

= 0 (neutralaxis)

Figure 6-7: Side (top) and cross sectional (bottom) views of cantilever beam
under shear force and bending movement.

The relationship among all of these values is presented in Figure 6-7. To

determine "_max. it is usually necessary to examine Xaveas a function of y. For beams with

the height > 4xwidth, the approximation of "_max=l.5xV/(wxh) is useful. However, for

planar bending in beams, where the b > a relationship obviates this approximation, the

full structural analysis will have to be performed. It is convenient to recognize that

maximum shearing stress will always occur along the neutral axis, unless there are

marked variations in beam thickness. Thus, determination of shearing stress in beams can

usually be performed simply by examining Tare at y=0.

For rectangular beams subjected to a torque, there will be a shear stress that will

vary as a function of horizontal and vertical position. However the study of mechanics
reveals that the maximum stress, which is the most important in terms of structural

analysis, occurs along the neutral axis of the wider face of the beam, which, in this

discussion, is labeled as b. This maximum shearing stress is determined by the relation:

T

Z'max cla2b (6-17)

where cl is a constant defined in Table 6-1.

While using the above analysis leads to a good understanding of when fracture

will occur, there are other failure modes in structural beams. Beams will usually fail if

they come into contact with other structures, due to adhesive forces. To analyze the

probability of this, the deflection of every beam must be considered under maximum load.
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Another concemraisedin Chapter3 was the impactof fatiguein beams. Over
longcycle times,thepropertiesof beamswill shift, which, asthis sectionhasshown,will
changethe static andresonantcharacteristicsof the structures.Thesechangeswill alter
the outputof many sensorsbasedupon measuringfrequencyand deflection. Another
fatiguerelatedmechanismis thegradualrelaxationof thefracturestrengthof a material.
Beamsthat wereinitially driven within stresstolerancesof a material,canbedriven past
them,asthe tolerancesdecrease.Although it shouldbe notedagainthat this mechanism
hasyet to beobservedin silicon.

Thermal changescan also have an impact upon beam reliability. Thermal
stressingand unstressingcreatesmechanicalfatigue in beams. In large temperature
changes,as experiencedin the spaceenvironment, most MEMS beams will also
experiencebimetallic warpingdueto thefactthat theyaremadeof differentmaterialsthat
havemismatchedthermalcoefficientsof expansions.Thermalfatiguecanalsocontribute
to delamination.

C. Additional Reading

F. P.BeerandE. R. Johnston,Mechanicsof Materials: Second Edition, McGraw-Hill.

New York, 1992.

C. M. Harris and C. E. Crede, Shock and Vibration Handbook Volume 1: Basic Theory

and Measurements, McGraw-Hill Book Company, Inc., New York, 1961.
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II. Thin Membranes

In recent years, thin membranes have found increasing use in pressure and flow

sensors. They provide a large sensing area coupled with low mass, which is advantageous

in many applications. A membrane is commonly assumed to be any structure with a z

dimension much smaller than its x and y dimensions. While the membranes used in

MEMS do not fit the classic definition of plates, their thickness deformation can be

influenced by in-plane tension. This term is also applied to these devices. A membrane

structure is shown in Figure 6-8. The analysis of a membrane is more difficult than

cantilever beams, but it is still tractable.

Figure 6-8: A thin plate viewed at 200x magnification. (from JPL)

A. Structural Analysis of Membranes

i) Static Deflection

There are several methods commonly employed in the analysis of thin plates or

membranes. The most obvious method is to use the equations of motion to describe the

plate, as was done for beams. This is accomplished by defining coordinates for the plate

in the x and y axis and taking into account all shearing and bending forces. This analysis

leads to a system of six equations and six unknowns which reduces to the result:
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(6-18)

where

V2 d 2 d 2-- +

_x2 _y:

w = the plate deflection at any given point

q = the lateral load function

D = the plate stiffness -
Eh 3

12(1 - v 2)

h = the plate thickness

The solution of this equation clearly requires determining the function w, such that

it satisfies both the loading and boundary conditions. Since empirical data shows that

these models are not the most accurate, the method developed by J.Y. Pan[14] is often

used. This method begins by determining the midpoint deflection of a membrane, w0. For

a square membrane there is a relationship between midpoint deflection and an applied
pressure p given by:

her _hE 3
p(Wo) = Ct--7-w o + C2----i-w 0 [14]

a a
(6-19)

where

= internal stress

a = plate width

w0 = plate deflection at center point

C_,C2 = functions of Poisson's ratio, defined in Figure 6-9a
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Figure 6-9a: Dependence of C1 and C: upon
Poisson's ratio.[15]
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Figure 6-9b: wl/wo and wl/w0 as a function of
Poisson's ratio.[15]

Once w0 is known, it is possible to determine the shape of the entire plate. If the

origin of the plate is taken at its geometric center, then the deflection is described by:

w(x, y) = w o + w_ ------U--a + w2 -7 _:c,s cos (6-20)

where w_ and w2 are functions of Poisson's ratio related to wo by Figure 6-9b.

While this method has the attribute that it offers a closed form solution to the

shape of the plate as a function of x and y, it is not always possible to solve the

deformation of the plate so simply. In instances when the plate is not simply loaded or

supported, it is often necessary to resort to other methods. Among the most common of

these is to numerically model the membrane, This. process, known as the method of finite

differences, separates the plates into discrete points and analyzes the plate piecewise.

This method is discussed in detail in Chapter 7.

ii) Lamb Waves

Engineers also utilize waves on plates as transducers. There are two kinds of

waves that travel in plates. They are dilation waves, which involve changes in volume

without rotation, and distortion waves, which do not change volume but instead result in

rotation and shearing of a given material. In more common terminology, the dilation

wave is referred to as a longitudinal wave, while the distortion wave is often called a
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transverse or shear wave. These waves travel with a velocity that is material dependent

and the respective velocities of each, c_ and c2, are related by the ratio:

(6-21)

given that:

(6-22a)

(6-22b)

where _. is Lam6's Parameter, defined by v =
2

Bulk longttudinnl_

wuve

(a)

dl_ % "-4000-1200Dm/_

Bulk lmnsv_se_

WaVe

(b)

(c)

Plate waves

ILarr_ves1_- ,_ Symn_t6c vp-'200C-12(DOrrVs

!

_ Anti s_Brrn_6¢ N =100-.t.OOOm/s

d
(d)

Figure 6-10: Wave propagation in solid media. (from [6])
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In plates, these two waves interact in complex ways at the plate boundaries, which

results in the formation of a plate wave, which is also called a lamb wave. These waves

travel in either symmetric or anti symmetric modes as shown in Figure 6-10. The lowest

order of these modes are very similar to surface acoustical waves, or SAW, that propagate

along a semi-infinite medium. However, in thin plates, the lowest order symmetric mode

is dispersionless and propagates much faster than a SAW on the same materials. The

lowest order anti-symmetric mode, on the other hand, involves flexure and its wave

velocity decreases monotonically to zero as the plate becomes infinitely thin.[51 ] Lamb

waves travel with a phase and group velocity that is defined by:

Vg s -" Vps

(6-23a)

vga = 2Vpa (6-23b)

where g and p represent group and phase, and s and a represent symmetric and anti-

symmetric.

One of the interesting results of this analysis is that tension and wave velocity are

coupled. If a small section of a plate is considered with dimensions, dx and dy, and a

tension, T, in the x-direction, the out of plane force on the plate can be modeled by two

forces, a stiffness and a tension:

dF a = -D _ dxdy
Ox"

02W

dFzr : T-_i-xz dxdy

(6-24a)

(6-24b)

If these equations are combined and related to the acceleration of the membrane,

the result is:

_'w4 OZw 02 w
- D--Z--@.dxdy + _ = mdxdy

Ox" T ox _ dxdy Ot2

where M is the mass per unit area of the membrane

(6-24c)

If this equation is solved through separation of variables, one finds that the solution is:

w(x,t) = C,e ic'°"'-k",) (6-25)

where

107



2oi t+E 12o/
P = period of the actuator that is oscillating the plate

n = integer representing the different modes of the device

This leads to the solution that the phase velocity is dependent on tension and
mass:

I 2nn D

T+--

Vp _ P
M

(6-26)

As this analysis shows, the phase velocity is coupled to both the tension and mass

density of the plate. This enables sensors that detect lamb waves to be sensitive to a wide

range of different effects, with temperature and pressure changes being the more prevalent

changes sensed. The advantage of using anti-symmetric lamb waves in sensors is that, on

very thin plates, they have a phase velocity that is usually much slower than that of sound

in most media. This allows these devices to transmit waves without dissipating large

amounts of energy to the surrounding environment. In comparison to surface acoustic

waves, which dissipate on the order of 1 dB per wavelength, lamb waves have extremely

low loss mechanisms. In lamb waves, the disturbance to the surrounding medium only

extends to a distance of LI2n, which limits the acoustical energy loss. For an in-depth

discussion of the physical properties of Lamb waves, Reference [115] treats the material

more thoroughly.

ill) Modal Waves

While lamb waves have many applications in membranes, it is also useful to

excite standing waves on plates. A standing wave, as opposed to a lamb wave, involves

oscillations in fixed spots. These waves have maximum displacement at the resonant

frequency of a device. On a resonating plate, there will be distinct spots called nodes,

where vertical motion is essentially zero, and spots called anti-nodes, where oscillations

are maximized. The analysis of standing waves begins with a dynamic version of

Equation 6-18:

DV4W = Mhco_W + N x aZw N:o, a2W a2W
Ox---T+ ax-_ + N, OY2 (6-27)

where
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C0n=35.99 7M---_a4 7 Do._=73.41 Mha4

( )
%. =

0_=131-64 7M_a4 0_n=132"25 _M@a4

D

oh=108.27 Mha4

•: ! I

-- jooh=165.15 -_-h--_a4

Figure 6-11: First six vibratory modes and resonant frequencies in a square plate with nodal lines
shown.[54]

Nx, Ny = Normal loadings in the x and y directions

Nxy = shear loading

W - w = AW(xy)cos(c.ont+0) where A is the oscillating amplitude

To solve this equation, the boundary conditions for W must be found that fit the

end conditions. Since many square MEMS membranes are clamped on all sides, Figure

6-11 shows the modes and resonant frequencies of these structures. For other solutions to

oscillating plate problems, Reference [54] offers an excellent analysis of plate mechanics.

B. Failure of Membranes

As membranes can be considered two dimensional equivalents of one dimensional

beams, they have similar failure considerations. If Equation 6-18 is solved analytically,

then the stresses on the plate are determined by the equations:

Ez
o'x = l_-v2_, + v--4--7-|Ox 2 crY)

ez ¢ 2w O2w' 
cry = 1-;2 t---_'7"+ v-_-SzJ

(6-28a)

(6-28b)
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EZ OEw (6-28c)

rxY - 1 + v OxOy

where z is the distance from the neutral axis of the plate

In order to determine the maximum stress in a plate, the following relationships
are also useful:

(6-29a)
_D(O2w 02w "]

Mx = _ Ox2 + v--_-)

My = [ #2 + v--_x2 )

(6-29b)

If the bending moments are known, the stress distribution can be calculated.

Stress is zero along the neutral axis and rises linearly to a maximum at the surface. This
maximum value is:

6M x (6-30a)
(o-x),_- h2

6My (6-30b)

(o-y)max- h2

This analysis can be simplified for a membrane with a uniform loading, q, and

fixed boundary conditions on all four sides. These structures will have the following
stresses:

\/////////////

\\\ //i////////_

\
\

\

/

stress at center of long edge: - fl_qb2 (6-3 la)
O'ma x -- t2

flzqb _
stress at center: o- - (6-3 lb)

t 2

The parameters a, 131and [32 are functions of the plate geometry and boundary conditions,

and may be determined from the table below:
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a/b 1.0 1.2 1.4 1.6 1.8 2.0 oo

8, 0.3078 0.3834 0.4356 0.4680 0.4872 0.4974 0.5000

a_ O. 1386 O. 1794 0.2094 0.2286 0.2406 0.2472 0.2500

,_ 0.0138 0.0188 0.0226 0.0251 0.0267 0.0277 0.0284

Table 6-2: Plate coefficients (four sides fixed)'.

Solutions for other geometries and loading conditions are also available; the

reader is referred to References [58] and [59] for additional information.

Another area of concern in plate mechanics is the effects of internal stress upon

deflection and strength. As discussed in Chapter 3, thin films can often have large

residual stresses. As this stress is coupled to temperature, changes in temperature will

also affect the output of many membrane based sensors.

A problem with using lamb wave oscillators is that their sensitivity is coupled to a

number of different changes. Using these devices in space applications will be especially

difficult due to the fact that they are natural thermocouples. For lamb wave oscillators to

have a future in the aerospace industry, it must be proven that they are sufficiently

decoupled from many common aerospace phenomena, such as large temperature and

pressure changes, to be effective transducers.

C. Additional Reading

Timoshenko, S. and Woinowsky-Krieger, Theory of Plates and Shells: 2 "0 e.dition, New

York: McGraw-Hill, 1959.

I. A. Viktorov, Rayleigh and Lamb Waves: Physical Theory and Applications, Plenum

Press: New York, 1967.

The discussion on stresses on a bounded rectangular plate is adapted from work done by K. Man at JPL.
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lII. Hinges

In MEMS, there is a need for devices that can produce out of plane motion

without the limitations of a torsional spring. In these instances, hinges are often used.

Figure 6-12: A typical hinge. (from [93])

In technical parlance, a hinge is an end condition that prevents translation of a

structure, but allows free rotation. Often in MEMS, flexible structural beams that have

hinged-boundary properties are called hinges. However, since the mechanical and

reliability characteristics of these devices are similar to that of structural beams, there is

no need to repeat that material here. It is enough to treat those devices as structural beams

with narrow cross sections that create stress concentration at the interfaces with thicker

beams.

This section will discuss surface micromachined non-planar hinges. These hinges

can perform a multitude of tasks. One common implementation is to use hinges to hold

structures, which were fabricated in a planar position, out of plane. Another common use

of hinges is to bind non-planar structures together, as in the case of a cage or a box. This

allows the fabrication of extremely high aspect ratio structures by common surface

micromachining methods. This technology has enabled multitudes of new devices, such

as optical devices and microgrippers. One of the biggest advantages of hinges is that they
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enabledevicesto beboth thermally and electrically removedfrom the substrate,which
limits muchof thenoisecommonto planarsensors.[93]

A. Structural Analysis

A common hinge is depicted in Figure 6-12. These devices are simply constructed

with only two parts. There are several types of hinges that were initially reported by

Pister et. al. in [93], which are represented in Figure 6-13. 6-13a shows a substrate hinge,

which is constructed out of a pin and a staple. The pin is a structural beam held down by

the staple, which is a curved membrane. This hinge is often used to support non-planar

structures and is fairly common in optical MEMS technologies. The other two hinges are

called scissor hinges. They are constructed of interlocking beams, as shown, and usually

have a wider range of motion. Scissor hinges are usually used to hinge released structures

to each other. In many applications, hinges are not used to support large ranges of

motion, but rather are used to support static structures. If the hinges are to be used in this

static mode, a layer of material is deposited after assembly to bond the hinges into

position.

Poly-1

[] Poly-2

Contact

(a) (b) (c)

Figure 6-13 (a-c): Three basic hinges as presented by Pister et a!.[93]
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B. Reliability Concerns

One of the limitations in designing a substrate hinge is in designing the pin so that

it is not wider than the allowable clearance of the staple. While this is an easy enough

issue to address in design, it does provide some upper limits on the strength of the hinge.

Scissor hinges, on the other hand, do not have limitations on the width of the beams. As a

result scissor hinges are considered stronger structures than substrate hinges. If the hinge

is anchored in place by the deposition of material after the device has been assembled, the

adhesive strength of the deposited material will determine the hinge strength. Although

Pister et al. reported a PECVD oxide layer that can withstand a torque of 10 nNm, this

data would have to be independently determined by individual foundries.

Another area of concern in hinged devices is the issue of assembling hinged

devices. While this is commonly done with micromanipulator stages in the laboratory

setting, it may be extremely difficult to do this on a reproducible basis on a production

line. As a result, membranes that are supported by hinges must be examined for damage

caused in the assembly process.

C. Additional Reading

K. S. Pister, M. W. Judy, S. R. Burgett, and R. S. Fearing, "Microfabricated Hinges"

Sensors and Actuators A, Vol. 33, pp. 249-256, 1992.

M. E. Motamedi, M. C. Wu and K. S. Pister, "Micro-opto-electro-mechanical Devices

and On-chip Optical Processing" Optical Engineering, Vol. 36, No. 5, May 1997.
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IV. Piezoresistive Transducers

Piezoresistivity is the property of a material whereby the bulk resistivity changes

under the influence of a stress field. While all materials have varying degrees of

piezoresistive responses, piezoresistors are commonly employed in semiconductor

sensors because many semiconductor materials have large piezoresistive responses. The

actual physics behind piezoresistive devices is slightly involved, but necessary to

understanding its effects.

A. Formal Definition

To understand piezoresistivity, several other concepts must be first introduced.

For a three-dimensional, anisotropic crystal, the electric field is related to a current by a

three-by-three resistivity tensor given below.

ex Pl P6

_y = t36 P2 /94 • i>

'_z P3 ,04 /93 i

(6-32)

If a Cartesian coordinate system is aligned to the <100> axis, then p4, ps, and P6

become correlation coefficients, which relate the electric field in one axis to the current in

a perpendicular direction. This leads to the result that in an isotropic conductor, such as

unstressed silicon, pl=pz=p3=p and pn=Ps=p6=0. These values can be related to

incremental changes in resistivity by the following equation:

Pl

P2

/)3

/94

Ps

_P6

P

P

P

0

0

0

APt

AP2

Ap3
+

Ap4

AP5

.Ap6.

(6-33)

To define the piezoresistivity, all one needs to do is to relate the fractional change

in resistivity, Api/p to the stresses in the crystal. In order to do this fully, a 6x6 matrix
must be defined. But for a crystal, this matrix will exhibit the same symmetries as the

crystal lattice itself, which will obviate the need for many of the matrix coefficients. If

the coefficients are defined as rcij, a cubic crystal structure will only have three non-

vanishing coefficients. For a silicon lattice, the matrix becomes:
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0 Cry
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(6-34)

If all these equations are combined, it is possible to get an expression for the
electric field as a function of stress_:

Ex = pix+pnl lCrxix+pn12(Cy+Oz)ix+pnan(iyZyz+ifCxz) (6-35a)

Ey = piy+pnl lCryiy+P_12(Ox+Oz)iy+pnan(ixXyz+izZxy) (6-35b)

E_ = pi,+pnl lOziz+prt12(_x+_y)iz+p_44(ix'Gz+iyZxy) (6-35c)

These equations clearly show that there is a direct relationship between stress and

resistivity, It is also important to note that materials with small piezoresistive coefficients

will have more limited responses than those with larger coefficients. One interesting

aspect of Equation 6-34 is that it closely resembles Hooke's law. In fact, this tensor is

relating a resistivity strain, instead of a mechanical strain, to the stresses upon a material.

As such, there is also an orientation dependence on the piezoresistive coefficients similar

to the one discussed for the elastic moduli in Section 3-IA. For an in-depth discussion of

this material, Chapter 4 in Reference [6] offers a more complete mathematical description
of piezoresistivity.

B. Piezoresistive Sensors

Devices that utilize the piezoresistive effect are designed so that mechanical stress

occurs simultaneously with an event to be measured and that the stress is proportional to

the magnitude of the event. Currently there are two kinds of piezoresistive sensors made.

Membrane sensors are manufactured to measure pressure and flow while cantilever
beams sensors are made for accelerometers.

Membrane sensors are usually designed as a thin single crystal silicon plates

supported by a thick ring. Usually a piezoresistor is built into the edge of the device to

utilize stress concentration. When the membrane deforms under ari externally applied

This discussion assumes an infinite bulk lattice. For finite crystals there is a small correction factor due to
dimensional changes.[6]
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load, there will be stress on the piezoresistor. On cantilever beam sensors,the
piezoresistoris, for similar reasons,placedon thesurfaceof thebeamnearits support.

If it is assumedthat themechanicalstressover theresistoris constant,thechange
in resistancecanbegivenas:

AR
= o-_Trt + or,Jr, (6-35d)

R

where

GI, O't = longitudinal and transverse stresses

hi, nt = longitudinal and transverse piezoresistance coefficients

For a resistor made of p-type material this expression reduces to

AR _ x44 (o. I _ or, ) (6-36)
R 2

For n-type resistors the expression becomes

AR _ n'11 +n'12 (crj +or,) (6-37)
R 2

One important feature of these equations is that, due to the fact that they assume

uniform stress fields, they are only valid for resistor sizes much smaller th_ the

membrane or beam size.

Usually piezoresistors are configured in a Wheatstone bridge. Two resistors are

placed to measure stress parallel to current flow, while two are placed to measure stress

perpendicular to current flow. This arrangement works so that any decrease in resist_ce

from tensile stress is balanced by a corresponding increase in resistance for compressive

stress. This has the effect of creating a differential output of opposite signs on each side of

the bridge. The total voltage change is defined as

AR k,
AV =_ b (6-38)

where Vb is the voltage applied to the bridge, as shown in Figure 6-14.
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Figure 6-14 (a,b): Schematic representation of the position of four piezoresistors on a membrane
(left) and accompanying circuit diagram (right). The arrows represent resistance changes when the
membrane defects in the -z direction.[6]

C. Reliability Issues

One of the problems that will be encountered in using piezoresistors in high-rel

applications is that they exhibit a temperature dependence. If the relationship between the

piezoresistive coefficients and temperature is plotted, it becomes apparent that there is a

roughly linear relationship between log(r0 and log(T). For a generalized description, the

piezoresistive coefficient can be determined as a function of both doping concentration,

N, and temperature, T, by:

z(N, T) = rco P(N, T)
(6-39)

where r_0is the low-doped room temperature piezoresistive coefficient.
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P(N,T) is offered graphically in Figure 6-15. As can be clearly seen,at low
doping concentrations,thereis better sensitivity but a greatertemperaturedependence.
As doping concentrationsbecomes greater than 102_atoms/cm3, the temperature
dependencebecomes indiscernible, but sensitivity decreasesgreatly. For space
applications,with the great thermalrangesusually required,thesedeviceswill almost
certainlyhaveto balancethe sensitivityrequirementswith thetemperaturedependence.
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Figure6-15: P(N,T) for n silicon. As can be seen, P(N,T) converges to a nearly uniform, albeit
smaller, value versus temperature at doping levels above 102°atoms/cm 3.

D. Additional Reading

Sze, S. M.ed., Semiconductor Sensors, Wiley Inter-Science, New York, 1994, Cp. 4.

Y. Kanda, "A Graphical Representation of the Piezoresistive Coefficients in Silicon",

IEEE Transactions on Electron Devices, Vol. ED-29, No. 1, January, 1982.
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V. Tunneling Tips

Electron tunneling is a concept that was developed in this century as an

outcropping of quantum theory. Tunneling developed from the study of the energy of an

electron in a confined space. Basic quantum theory entails SchrSdinger's equation, which

describes a particle's wave function, V, by the relation:

2m

(6-40)

where

h = Planck's constant of 6.62617x10 -34J-s

E = total energy of the particle

U = potential energy of the particle

m = mass of the particle

The wave function of a particle is usually not as informative as the value of the

wave function multiplied by its complex conjugate, _2=_xw*. This value represents the

probability that a particle will be in a given point in space. If this equation is solved for

the case of an electron that is in a one-dimensional energy well of width a," bounded by

two infinite potential energy barriers, as depicted in Figure 6-16, the solution to

Schr6dinger's equation yields:

V2(x)=0 (x<0J

(6-41)

V2(X)-"O { x>a }

where n is an integer.

This equation shows that the electron is bound by the infinite barriers, and can

never escape from the well it is in. However if the barrier at a is replaced with a barrier of

finite energy and width, then solving Schr6dinger's equation shows that the electrons will

actually tunnel through the barrier and there will be a non-zero probability that there will

be an electron on the other side of the barrier. This means that it is possible for electrons

to actually pass through areas in which, according to classical physics, they do not have

the energy to penetrate. It is this phenomenon, called electron tunneling, that is utilized to

produce tunneling tip sensors.
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Figure 6-16: Probability distribution of an electron trapped in a well. The figure on the left shows
an electron bounded by two infinite walls while the figure on the right shows an electron bounded by
two finite walls with a finite energy barrier, which is greater than the energy of the electron, in the

middle. As can be seen, there is a finite probability that the electron will penetrate the barrier and be

on the other side. This diagram roughly corresponds to the device in Figure 6-18.

Tunneling tips are small pointed tips, shown below, that were initially developed

for use in electron microscopy. They have since been adopted by the MEMS community

because the tunneling effect is an extremely accurate way to measure displacements

caused by external effects.

Figure 6-17: Tunneling tip on SCS beams. (from [154])
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A. Physical Description

It has been shown that the current caused by tunneling across a narrow barrier is

given by:

I oc Ve (-_) (6-42)

where

V = bias voltage on the tip

or= 1.025/k-levq/2

d_= the effective energy height of the tunneling barrier =
10IOV

al OV Ox

x = the physical width of the energy barrier

This means that an electronic circuit capable of detecting a 1% variation in a 1 nA

current from a 100 M_ source would be able to detect deflections on the order of 0.003

_. For this reason tunneling tips have started to be developed for use in high data storage

applications and high sensitivity accelerometers.

Typically tunneling sensors are designed by suspending a mass above the

tunneling sensor. An external force, which can be anything from infrared radiation to

acceleration, pushes the mass downwards, which increases the tunneling current and

becomes a measurable event, as shown in the diagram below.
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Figure 6-18: Typical layout for a tunneling sensor.

While tunneling sensors are among the most accurate sensors available in MEMS

technology, they do suffer from a number of reliability problems.[41,43]

B. Reliability Concerns

One of the great difficulties in making tunneling accelerometers is in fabricating

the devices. The tunneling tips need to be made of a conductive surface that does not

react with the air. While conventional tunneling tips, since they operate under an Ultra-

High Vacuum, can be made from a multitude of metals, microsensor tunneling tips are
much more limited in the materials that can be used. Gold has been found to be useful in

the production of sensors, but it is difficult to create good adhesion between a gold tip and

an insulating substrate, which is usually SiOz. This created a need for multiple layers of

adhesive materials, which create processing problems and reduce yield.[42] While the

fabrication of these devices is certainly not an impossible task, they do suffer from low

yield rates.

Another problem that is more difficult to handle stems from the fact that the

tunneling effect is highly displacement sensitive. Since, in order to get a tunneling effect,

the tip must usually have a bias voltage, which is typically under 1 volt, and be within

nearly ten Angstroms of the moving mass, contact between tip and mass is unavoidable.

This contact must be accounted for in design of mechanical system and circuit. On the

mechanical side, it is important to place one of the electrodes on a compliant support to
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limit the force to the tip during the inevitablecontact. The circuit must also limit the
currentduring contact. If both of theseprecautionsare taken,the dangerof tip crashes
will be mitigated. For devicesdesignedwith thesetechniques,crasheshaveoccurredat
low frequency operation for months with no detectable change in operational
characteristics.However,anytunnelingtip designsneedto havetheseissuesthoroughly
addressedfor high-relapplications.

Thesedevices,due to their extremesensitivity, arealso susceptibleto thermal
noiseandmechanicalvibration. It is typically theseeffectsthat limit devicesensitivity
andtheyneedto be addressedfor any tunnelingsensor.Thereis also electricalnoisein
themeasurementsof thetunnelingoutput. In manydevices,theelectricalnoisespectrum
exhibitsa 1/f dependence.This noisecreatesanerror in measurementsthat scaleson the
orderof 10 "3 ,_dHz v2. While this noise is fairly insignificant for many applications, it does

provide a limit on the actual sensitivity of the device.[41 ]

C. Additional Reading

T. W. Kenny, W. J. Kaiser, H. K. Rockstad, J. K. Reynolds, J. A. Podosek, and E. C.

Vote, "Wide-Bandwidth Electromechanical Actuators for Tunneling Displacement

Transducers" Journal of Microelectromechanical Systems, Vol. 3. No. 3, September
1994.
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VI. Electrostatic Actuators and Transducers

A. Parallel Plate Capacitors

Figure 6-19: Cioseup view of parallel plate capacitor with the area and gap
labeled. (from[155])

Capacitors have been developed and understood for as long as any electronic

device. They are both simple to construct and understand. As such, capacitors are

fundamental to many devices and have been used extensively in the microelectronics

industry. It has been estimated that a modem microprocessor has anywhere between

seven and ten million recognizable capacitors in its design. A capacitor is simply two

conductive objects separated by some distance, d, which store electrical energy by

attracting and repelling free electrons within the conductors. For MEMS, a prevalent

capacitors design consists of two parallel plates, as shown in Figure 6-19.
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i) Electrical and MechanicalAnalysis

The capacitance of an object is defined as the amount of electric charge that it can

store per voltage. The common mathematical expression of a capacitor's ability to store

energy or charge is related by the expressions:

q=CV (6-43a)

where

U = V2CV a
(6-43b)

q = electric charge

V = voltage

C = capacitance

U = energy

For capacitors constructed of two parallel plates a useful relationship has been
derived that:

A
C = e-- (6-44)

d

where

A = area of one of the plates

d = distance between the plates

e = the permittivity of the material between the two plates

One reason that capacitors have become prevalent in MEMS is that capacitance is

a function of distance. This means that a change in distance will result in a change in

capacitance, which is a measurable event. If a capacitor immersed in air is assumed to

have one fixed plate and one plate that displaces a distance, x, from the rest, the

capacitance can be rewritten as:

A

C = 60 (d - x) (6-45)

where

eo = permittivity of a free space (8.85* 10 x2 F/m)

126



If a sensoris to be fabricatedout of parallel plate capacitor,there is a simple
methodto electricallydetectachangein capacitance.Sincea current,I, is relatedto the
chargeonacapacitor,Qc,by theequation:

dac
_m

i_ dt (6-46)

Then using the circuit below,

Vc = Vs*sin (wst)( )

Figure 6-20: Basic circuit for detecting changes in capacitance.

a change in current will be approximately related to a change in displacement by the

relationshipS:

Ai c(Ax) = o_v_C(d)[_]
(6-47)

Another useful feature of parallel plate capacitors is the fact that they can be made

into actuators. Given that a force, F, is related to potential energy by the equation:

F _ w--
OU (6-48)

Ox

it is possible to derive the relationship for parallel plate capacitors that:

F = '%AV2

2d2(l_d)2 (6-49)

This shows that an applied voltage will exert a force on the capacitor plates. It is

this electrostatic force that is used to make actuators out of parallel plate devices.

This is a linearized result that only applies for Ax<<d.
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ii) Limitations of Parallel Plate Capacitors

While parallel plate capacitors have good actuation and sensing abilities, they

have some severe limitations. The greatest drawback to using these devices is that they

are non-linear. While they can be treated as linear for small displacements, for large
motions, parallel plate capacitors clearly exhibit non-linear behavior.

One of the dangers in these devices is the potential of the plates touching. As
discussed in Chapter 3, when two metal surfaces come into contact, adhesive forces exert

a strong bond that usually causes failure. This problem is especially prevalent in parallel

plate devices because of the non-linear force that increases quadratically with distance. A

common design rule used is that, if Ax _> 1/3 d, the device will usually have sufficient

force to transverse d. To prevent this, parallel plate devices must be designed to displace
much less than this amount.[10]

Parallel plate capacitors could also be susceptible to electrostatic discharge. An

ESD would have a similar effect as applying a delta function to the device. If the voltage

spike is large enough, it could induce stiction by bringing the plates into contact.

Unfortunately the scant research into ESD in MEMS has not provided any concrete data

on the effects of ESD on parallel plate capacitors and these theories have not been
experimentally verified.

ill) Additional Reading

W. S. Trimmer, K. J. Gabriel, and R. Mahadevan, "Silicon Electrostatic Motors",

Transducers '87, The 4 th International Conference of Solid-State Sensors and Actuators,

pp. 857-860, June 1987.

W. S. Trimmer and K. J. Gabriel, "Design Considerations for a Practical Electrostatic

Micro-Motor", Sensors and Actuators, Vol. 11, pp. 189-206, 1987.
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B. Comb Drives

Figure 6-21: A standard comb drive. The arrow points to a particulate that
landed on one of the electrodes.

Due to the problems discussed with making electrostatic parallel plate actuators,

there have been attempts made to make devices that utilize electrostatics to produce

motion while eliminating the relationship between force and distance. The most common

device made to accomplish this is called a comb drive because of its overall comb-like

appearance, as seen in Figure 6-16. Comb drives operate by using fringing fields to pull
one set of the drive into the other. Actuation occurs in one dimension only and the

equations of motion are derived in the next section.

i) Mechanical and Electrical Analysis

Essentially comb drives are composed of multiple structural beams and, as such,

they are not difficult to analyze. As shown in the picture, there are two sets of

interdigitated electrodes. Generally one of them is fixed while the other is mobile. The

force generated by a voltage is described by:
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F- c°bV2
d

where b is the vertical height of the cantilever beams.

(6-50)

d

X

Figure 6-22: Overhead view of basic unit of a comb drive.

This equation shows that the force produced by this device is independent of the

displacement of the middle electrode. As a result, comb drives are among the more

common actuators in MEMS. The other fact that makes comb drives appealiog is that n

comb drives produce a force equal to n×F. This simple scaling makes it possible to

produce macroscopic forces on the MEMS scale. It is not unreasonable to manufacture

an array of comb drives to produce upwards of 30 Newtons with as little as 10 volts

applied to the electrodes.[10] While these aspects of comb drives are quite appealing,

there are also some serious limitations to their performance.

ii) Limitations on Design

One of the problems with comb drives illustrated by Figure 6-22 is that there is one

electrode. For argument's sake, assume it to be negatively charged, surrounded by two

positively charged electrodes. While the forces on the electrode are balanced by the equal

spacing of the two gaps, clearly any perturbation of the center electrode will cause an

offset of the forces and pull the electrode to one side or another. In engineering terms, the

comb drive is an inherently unstable system. To combat this problem, several steps must
be taken in the design to insure that the device does not fail at the first vibration. Since

stability problems are problems in energy storage, the key to designing a stable comb

drive is to design it to store more energy in the y direction than in the x direction. To

make Uy >> Ux, the following condition must be met:

_ky d2 >> _kxlp 2 (6-51a)
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where

ky = spring constant in the y direction

kx = spring constant in the x direction

lp = The length of the electrode

which means that:

1 2

k_, >> -p k
d 2 x (6-51b)

This is illustrated in Figure 6-23.

While this is hardly an exact answer to the problem of stability, this solution does

lend it some formalism. For high-rel applications, a large safety factor will have to be

included to guarantee that the comb drive does not fail due to surface contact. If a comb

drive is not entirely stable, it is possible for the drive to not completely fail but instead

enter into chaotic oscillatory modes. While this phenomenon has applications in

encryption, it is usually an undesirable event.

_'jj

kx

lp

4y

Y

X

Figure 6-23: Overhead view of comb drive structure with
spring constants and dimensions labeled.

Another limitation on comb drives is that they are typically limited in the amount

of work they can do. With a maximum displacement of lp and, with lp being kept to a

minimum due to Equation 6-51, comb drives are just not capable of producing large scale

motion. While this problem can be designed around to a degree, it is nevertheless a

serious limitation to comb drive usage.
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Figure 6-24: An example of the damage that results when two comb drive
electrodes come into contact and short out the device.

An area that is also important to consider in comb drive operation is the effects of

parasitic capacitance with the substrate. Since the comb drive is a fairly large conductive

surface suspended over another large conductive surface, there is a considerable parasitic

effect between the substrate and the drive. While this effect can be used to produce out of

plane torsional microactuators, it is often an undesirable side effect of the comb drive

design. It is possible to have such a large parasitic motion that the comb drive will

actually touch the substrate, which will lead to the adhesion and possibly shorting

problems. In a sound design, the comb drive should be far enough removed from the

substrate that the parasitic capacitance will not cause stiction.

Particulates can also be problematic in comb drives. Conductive dust particles

can electrically connect parts of a comb, which will short them out, producing

catastrophic current flows. Comb drives could also be susceptible to electrostatic

discharge. An ESD would have a similar effect as applying a delta function to the device.

If the voltage spike is large enough, it could induce stiction by bringing the plates into

contact. Unfortunately there is no published information on the effects of ESD on comb

drives, which means that evaluating the ESD tolerance of a design is not yet possible.
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iii) Additional Reading

W. C. Tang, T.-C. H. Nguyen, and R. T. Howe, "Laterally Driven Polysilicon Resonant

Microstructures." Proceedings of lEEE MicroeIectromechanical Systems, February 1989.

W. C. Tang, T.-C. H. Nguyen, M. W. Judy and R. T. Howe, "Electrostatic-comb Drive of

Lateral Polysilicon Resonators" Transducers '89, Proceedings of the 5 th International

Conference on Solid-State Sensors and Actuators and Eurosensors III, Vol. 2, pp. 328-

331, June 1990.
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C. Micromotors

A major area of research in MEMS in the past decade has been into the design and

fabrication of micromotors. There are multiple kinds of micromotors being designed

today. While most of these devices are electrostatically driven by side electrodes, as

illustrated by Figure 6-25, there are also a number of other designs being implemented.

However, for the sake of brevity, this discussion will be limited to electrostatically driven

micromotors. The section on reliability will have implications to less conventional

micromotors.

Figure 6-25: Eiectrostatically driven micromotor. (from [22])

i) Electrostatic Motor Analysis

Electrostatic micromotors utilize variable capacitance in a fashion somewhat

similar to other electrostatic devices previously discussed. The main difference is that

micromotors are typically driven by several different sets of drives, or stators, that are

switched on and off to produce a torque. This torque is a function of the rotation angle of

the drive:[22]

OC(O)
T(O) = _,/.V 2

t/

ao (6-52)

Micromotors have a natural operating frequency, which is determined by the

magnitude of torque applied to the motor. For a motor similar to the one depicted above,

this frequency is:
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= kHz
(6-53)

where Vp is the phase voltage applied to the stators.

maximum rotational speed of the motor, Oamax:

This leads to an equation for the

240f_ (6-54)
COax = _ rpm

n

where n is the number of steps per revolution determined bye:

n

(6-55)

where ns and nr are the respective numbers of stators and rotors.

These motors can be either used as microstepper motors or can be operated as a

continuously rotating motor. While the actual design and fabrication of these devices

varies depending upon application, most electrostatic motors are governed by the above

physical laws.[22,23]

ii) Harmonic Motors

Harmonic motors are a kind of motor that utilizes the rolling motion of two bodies

with different circumferences. Typically a motor contains a cylindrical hole, with a

slightly smaller cylindrical rotor. These motors have a tribological interest as they utilize

rolling instead of sliding friction, which eliminates many of the wear concerns common to

other motors. Furthermore, since the stators and rotors are designed to touch in these

devices, large amounts of force can be generated.

Using one of the original harmonic motors as an example, there are some basic

facts of motor operation that are fairly common to all harmonic motors. If the stators are

cycled at a frequency of O_s, then it is possible to determine the steady state frequency of

the harmonic motor, _:[87]

_,Rr ) (6-56)

where Rs and Rr are dimensions defined in Figure 6-24.

I This derivation assumes a drive signal described by Y. -C. Tai et al. in [22].
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Figure 6-26: A basic harmonic motor layout. (from [88])

The unsymmetrical nature of the roll causes the rotor to effectively wobble inside

the stator. One reliability concern of wobble motors is that the direct contact of the stator

and rotor raises questions about stiction.

iii) Microbearing Reliability Concerns

The biggest reliability concern for micromotors is the motor's connection to the

substrate. Since the rotors must be supported on bearings, there is concern about the long

term reliability of these bearings. It has been shown that, over time, there will be wear

on the beatings caused by the frictional forces from the substrate. The wear on the

bearings will increase the frictional force on the bearing, requiring higher driving

voltages, which will further increase wear. This positive feedback loop will quickly lead

to total device degradation. The only effective method to mitigate wear on bearings is to
select wear- resistant materials.

In most macroscopic devices, liquid lubricants are used to prevent direct metallic

contact. However, in MEMS, it is felt that liquid lubricants will not be in general use due

to the fact that viscous friction forces are large compared to other frictional forces on

micrometer scales.[ 19] While recent research has raised the possibility of using gas phase

lubricants to reduce wear, these solutions involve extremely high temperature operations

and are unlikely to be practicai.[151] Instead, bearings are usually operated dry at

ambient temperature, with direct contact made between structures. There have been
studies conducted on these conditions and it has been found that different materials

respond, as would be expected, in distinct ways to wear.
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Severalstudies[19,153]indicate that single crystal silicon is moderatelywell
suitedasa bearingmaterial. During initial burn-in, the rough points in a bearingwill
fractureoff, leavinga smoothedsurfacethat showslittle wearover time. As a result, the
wearon silicon decreaseswith time. Polysiliconshowsmoderatewearpropertiesandis
a suitable,althoughnot ideal, bearingmaterial. As would beexpected,Si3N4 and SiO2

exhibit poor bearing characteristics. They show linear wear that leads to total failure.
Diamond-like carbon is a material that has shown promise as a bearing material and may

eventually be used as a coating on many SCS and polysilicon structures that have large

contact stresses. While the exact characteristics of bearing wear are dependent upon the

materials involved and the environment in which they slide, a good rule of thumb is that

wear is minimized by using dissimilar hard materials

Another problem associated with wear on microbearings is that, for

electrostatically driven structures, forces on the device will be a function of the device

height, and thus bearing height. Many devices place rotors above stators in order to have

a non planar component of force to partially levitate the rotor. As the bearings wear, the

electrode distance would decrease, which would cause forces to increase quadratically.

This increases wear and alters drive performance. This behavior accelerates failure and

leads to total device collapse. Ultimately, the contact morphologies of microbearings are

the limiting factor in micromotor performance and, as such, they need to be well

understood for high-rel applications.

iv) Additional Reading

Long-Sheng Fan, Yu-Chong Tai, and Richard S. Muller, "IC-Processed Electrostatic

Micromotors." IEEE International Electronic Devices Meeting, December 1988.

Yu-Chong Tai, Long-Sheng Fan, and Richard S. Muller, "IC-Processed Micromotors:

Design, Technology, and Testing" Proceedings of IEEE MicroeIectromechanical

Systems, February 1989.

U. Beerschwinger, D. Mathieson, R. L. Reuben, and S. J. Yang. "A study of Wear on

MEMS Contact morphologies" Journal of Micromechanics and Microengineering, 7

September 1994.

S. C. Jacobsen, R. H. Price, J. E. Wood, T. H. Rytting, and M. Rafaelof, "The Wobble

Motor: An Electrostatic, Planetary Armature, Microactuator" Proceedings of IEEE

Microelectromechanical Systems, pp. 17-24, February 1989.
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VII. Magnetic Actuators

Magnetic actuators are a class of devices that, as their name implies, utilize

magnetic fields to provide force. While creating magnetic fields on semiconductor

devices is intrinsically more difficult than creating electric fields, the potential benefits of

magnetic actuators has spurred the development of these devices. Due to the physics of

magnetics, magnetic devices are capable of producing greater forces than electrostatics.

Combined with the ability to apply force through a conductive medium, such as

electrolytic fluids, these factors make magnetic actuators a promising field within

MEMS.[15]

Figure 6-27: A magnetic actuator designed by Judy et al. (from [15])

There are several common methods employed in MEMS to make magnetic

actuators. A magnetic field can be described from Maxwell's equations:

V×B= J+
Ot

V.B =0

where

(6-57a)

(6-57b)
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B =magneticfield

c = thespeedof light

E = electricfield

J = currentdensity

Theseequationsshowthat a magneticfield canbeproducedeitherby a constant
currentor by atime varyingelectricfield. While therearemultiplemethodsto createone
of thesetwo effects,the simplestway to createan actuatingmagneticfield is through a
loop of wire, asshownin Figure 6-20. For theseactuatingfields to createmotion, the
actuatorrequiresa structurethat is influenced by the magneticfield. The two most
commonstructuresthat will beactuatedin a magneticfield arethosewith current loops
on their surfacesand those coatedwith magnetic films, such as ferromagneticand
diamagneticmaterials.In eithercase,the interactionof thetwo magneticfields createsan
actuatingforcethatthenmovesthestructure.

As with many of the technologieswithin MEMS, magneticactuatorsare being
developedin a myriad of waysby different groupsaround the world. Since magnetic
actuatorshave not becomeas standardizedin MEMS as electrostaticactuators,it is
difficult to discussa typical magneticactuator. For this discussion,a simple actuator
developedby Judyet al. will bediscussedto give anexampleof theforcesatwork within
a magneticdevice. This device,which is shown in Figure 6-27, usesa ferromagnetic
plateinfluencedby a loopof wire integratedinto thesubstrate.

t
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Tnr_ien
Bar

r/frt

Figure 6-28: Diagram of forces acting on soft magnetic plate. (from [15])
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A. Mechanical and Electrical Analysis

For this non-planar magnetic microactuator, the rotational deflection is a function

of the magnetic field, H, and the stiffness of the torsion bar, 1%. Assuming that the

magnetic field remains perpendicular to the original orientation of the plate, the torque

produced by the magnetic field, Tnela is defined by:

T aela = V,,_gM(Hac + H,, c sin(2nft)cos¢)

where

(6-58)

M = net magnetization vector

Vmag "- magnetic volume

Hdc, Ha¢ = magnetic field from respective dc and ac sources

f = ac current frequency

d_= angle plate rotates from rest.

To determine the actual mechanical response of the plate, it is necessary to use the

dynamic torsional model of

where

(6-59)

//TE 
C+ = dampening coefficient = _Q

J = polar moment of inertia of the magnetic plate

Q = quality factor

To determine d_as a function of time, Equation 6-59 must be solved. This can be

done either analytically or numerically, although the analytic solutions might be difficult

to obtain. In order to do either, M must be defined, which is done below:

M =/.t° (+Hc + H. )
Nu (6-60)

where
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Hc- coercivefield of themagneticmaterialundertorque

Ha = applied field - H*cos(90-q_)

NM - shape-anisotropy coefficient of the plate

go = permeability of free space (4rt* 10 .9 H/m)

The net result of the forces is that the plate will oscillate in the time varying

magnetic field. While these equations give a basic description of the motion of a

ferromagnetic plate in a magnetic field, other magnetic materials will have different

responses to similar fields. Due to the fact that the exact internal effects of magnetic

devices extend beyond the scope of this guideline, an interested reader should examine

the references listed at the end of the section to gain a more detailed description of the

physics of these devices.

B. Reliability Concerns

There are some basic problems with using magnetic forces in MEMS that need to

be understood. An inherent drawback to magnetic devices is that they scale poorly into

the micro domain. In order to scale a device effectively, certain quantities must be held

constant while the physical dimensions of a device shrink. If three basic quantities of

current density, heat flux, and temperature rise are considered to be held constant during

scaling, it becomes apparent that there are serious limitations to micro-magnetic actuators.

If current density is held constant while scaling a device, then a wire with an order

of magnitude drop in the cross sectional area will have an order of magnitude drop in
current. While this results in a constant heat generation per unit volume, it will, for a

wire- generated field operating on a permanent magnet, result in a drop in force of three

orders of magnitude. While this loss can be slightly offset by the fact that smaller systems

are better at conducting heat away, clearly this method of scaling severely limits the

effectiveness of micro-magnetic actuators. If instead the heat flux per unit of surface area

for a wire is constant during scaling, current density scales according to the inverse

square root of the change in heat flux, so that, for an order of magnitude drop in cross
sectional area, there will be an increase in force on the order of 2.5 orders of magnitude.

This scaling is limited by the maximum allowable temperature on a device and is also not

a desirable method to increase force as dimensions decrease. If the system is scaled to

limit the temperature difference, it is possible to have a two order of magnitude increase

in force. However, this comes at the expense of an increase in current density, which

makes the device much less efficient, which may not be acceptable for many applications.

Thus, magnetic devices cannot scale into the micro domain without sacrificing either

force, operating temperature, or efficiency, which is a serious limitation.[55] As a result,

any magnetic actuator design must be verified to insure that it meets the design

requirements without unacceptable temperature dissipation or power losses.

141



Another issueto considerin using magneticactuatorsaboardspacecraftis the
presenceof spuriousmagnetic fields. Since modern spacecraftemploy an array of
electronic devices that createmagnetic fields, these devices can be unintentionally
actuatedby nearbydevices.A goodmodelof themagneticfields in aspacecraft,which is
usuallydevelopedby the systemsengineers,will determinethe risk level for parasitic
actuation.

C. Additional Reading

R. E. Pelrine, "Room Temperature, Open-Loop Levitation of Microdevices Using

Diamagnetic Materials", Proceedings of IEEE Microelectromechanical Systems, pp. 34-
37, February 1990.

R. E. Pelrine and I. Busch-Vishniac "Magnetically Levitated Micromachines", IEEE

Micro Robots and Teleoperators, November 1987.

J. W. Judy and R. S. Muller, "Magnetic Microactuation of Torsional Polysilicon

Structures," Sensors and Actuators A, Physical, Vol. A53, Nos. 1-3, pp. 392-397, 1996.

J. W. Judy and R. S. Muller, "Magnetically Actuated, Addressable Microstructures",

Journal of Microelectromechanical Systems, Vol. 6, No. 3, September 1997.
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VIII. Thermal Actuators

Thermal actuators are a class of devices that utilize heating to produce forces and

deflections. These devices operate through the use of heat transport to rapidly change a

device's temperature. Since MEMS devices operate on such small scales, it is possible to

create devices with quick response times, as heat transport occurs in scales often

measured in microseconds. While some objections may be raised to the power

dissipation implicit with these devices, they offer a simpler alternative to many

electrostatically and magnetically driven devices.

A. Bimetallic Strips

The most prevalent thermally actuated devices in MEMS are structures

constructed out of layered materials. These thermal actuators utilize the bimetallic effect

found in common household thermometers. There have been a number of arguments

made for the advantages of bimetallic actuators. Since there is a direct coupling between

dissipated power and beam deflection, the actuators can operate at low voltage levels.

Combined with the ability to produce a force that is independent of displacement, thermal

actuators have piqued serious interest and have been developed independently by a

number of researchers.[ 150]

B. Mechanical Analysis

b

aIa2

Figure 6-29: Side view of two metallic strips a and b bending due to temperature stress.
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In thesedevices,two materials,often Si-SiO2 or Si-Si3N4 are sandwiched together.

As the device heats up, the differing changes in length caused by mismatched thermal

expansion coefficient create stresses at the metallurgical junction, which bends the device.

Figure 6-29 illustrates a bimetallic strip made of two cantilevered beams of lengths 1 that

are exposed to a temperature change, AT.

The conversion factor y, relates a temperature change, AT, with a deflection at the

end of the cantilever, d, by:

d = 7'AT (6-61)

If a uniform heat distribution is assumed with the beams, then the conversion

factor can be approximated for 1 << r as

y

l 2

2rAT (6-62)

where r is the radius of curvature of the beam:

Etb_a 3 E2b2a _
7(a 1 + a2) 2 - 2lit 2 + +

2 4 E2b2a 2 Elbla l
r = (6-63)

3 (a I - a2)AT(a I + a2)

where _t is the linear coefficient of thermal expansion.

A closer mathematical analysis of this equation will show that it is minimized

when the cantilever beams have identical values of b and a. For these beams, the

deflection is given by:

ar = 3(a _a,2)A T 5+
(6-64)

where Z is the ratio F_q
G

Since the absolute width of a structure does not influence bending, the smallest

radius of curvature, and thus the greatest deflection, will occur if (al-Gt2) and 1 are

maximized, while a is minimized. The simplest method to accomplish this comes

through altering 1 and a, as there are only a few materials, and accompanying thermal

expansion coefficients, to choose from in the semiconductor industry. [149]

As this derivation shows, the displacement of the strip is directly related to a

change in temperature. There are several ways to induce temperature changes. One
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commonmethodis to apply anelectriccurrentthroughthe beam. The powerdissipated
by the current flowing through a resistorwill producea AT. The amount of energy
neededto raisetemperatureis determinedby theheatcapacityof thecantileverbeams. In
staticoperation,it is desirableto reduceall the dimensionsof the actuatorsothat thereis
lessthermalloss. In dynamicoperation,as is thecasefor a high frequencyswitch, it is
more useful to have larger surfaceareaswith a greaterheatexchangeand a corollary
increasein switchingrate.[52]

C. Shape Memory Alloys

Shape memory alloy, or SMA, actuators are variants upon thermal actuators that

use the shape memory alloy effect, which was first discovered in 1938 by Alden

Greninger and V.G. Mooradian.[56] Materials that experience the SMA effect undergo

reversible phase transformations. Below some critical temperature, the material is in the

martensite phase and will easily deform. Above this temperature, the material changes to

the austenite phase and begins to exert strong forces trying to restore to its original shape.

In the early 1960s, two researchers at the Naval Ordnance Laboratory discovered

that the alloy NiTi can have a phase transition that is a function of alloying content and

varies anywhere from -50 to 166°C. Since this material, nicknamed nitinol, for Nickel

Titanium Naval Ordnance Laboratory, has superior mechanical properties, it is the

material of choice in modem SMA research. While there are a number of applications of

SMA materials, they all share some basic commonalities.[ 145]

A typical SMA uses a nitinol wire connected to a heater which, as previously

discussed, can easily be a current flowing through a resistor. The materials properties of

nitinol have been investigated and show the expected temperature dependence.

Young's Modulus

Linear Strain (at 10N)
Ductile Yield

Tensile strength

33.4 GPa 34.9 GPa

1.6%

20-30%

1.05 GPa

Resistivity 4400D./cm

Linear coefficient of expansion 1.5x 10 .3 °Ca

1.56%

19-30%

i2-. 1.7 GPa

:m

.34x10 -3 oC'l

Table 6-3: Properties of nitinol at different temperatures.[57]

The actual design of shape memory alloys varies wildly with applications. Studies

have shown that nitinol springs can develop stresses in excess of 200 MPa. While these

forces are impressive, SMA are not common MEMS devices and due to concerns

discussed in Section C, may not see integration into space environments.

145



D. Reliability Issues for Thermal Actuators

One problem with making bimetallic thermal actuators is that they induce large

stresses in the devices. These stresses can cause serious problems for long term

reliability. It is not entirely clear how the interfaces that silicon forms with other

materials will behave under repeated stressing and unstressing. Since these thermal

actuators operate by stresses materials interfaces, there is an increased chance of fracture

at this interface, which can lead to delamination. There is also an issue of long term

thermal fatigue. Some of these devices are heated to above 800 °C and cooled to ambient

temperature within the span of several tens of microseconds,[137] which could cause

significant fatigue. The long term effects of this cycling is an issue that needs to be

addressed in high-rel thermal actuators.

Thermal actuators are also frequency limited. The response of the actuator is

governed by the time it takes for he_t to convect and radiate away from a device. If the

quantity l/f is less than the time it takes a device to dissipate heat, oscillatory behavior

will effectively stop, as illustrated in Figure 6-30. This causes some interesting concerns

for the space environment, as there is no convective heat transfer in a vacuum. Thus the

time required to dissipate heat should be significantly slower than it is in terrestrial

applications.

!,0F
2s Lll ,,,

I(X) Ik 1Ok lOOk tM

F_<luency (Hz)

Figure 6-30: Mechanical response as a function of frequency for a thermal actuator. (from [117])

The time, t, required for a body to cool can be modeled by summing the sources of

heat energy and equating them to the sinks. For a body radiating heat and having no

convective transfer, this results in the equation: [156]

dZ O.bSmA(Z 4 T:)mc-- =
dt

(6-65)
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O"b -" Stefan-Boltzmann constant (5.67x 10-8 W/m2-K 4)

_m "" emissivity of the material

A = the surface area of the material

To = initial temperature

By solving this equation, it is possible to get a limit on the time it takes for a

radiative mass to cool, which indicates the frequency limit of a thermal actuator operating

in the vacuum of space.

Shape memory alloys have problems unique to their structures. Since these alloys

are usually made of ductile materials, they experience wear and fatigue at much faster

rates than brittle materials. While they can withstand stress in the range of a 1 GPa, the

lifetime and reliability of these devices at these stresses is unsuitable for long-term

operation. If high reliability and millions of temperature cycles are desired, then nitinol
should be stretched from its memory state only a few percent and should not exceed a

couple hundred MPa of stress.

Another concern with these devices in space applications is inadvertent heating.

Since most spacecraft experience wide temperature swings from periods of full solar

exposure to eclipse, these devices will either have to have active on-chip thermal control

or be in a well thermally regulated part of the spacecraft. Otherwise there could be

disastrous implications in using thermal actuators in the space environment.

E. Additional Reading

W. Riethmtiller and W Benecke, "Thermally Excited Silicon Microactuators" IEEE

Transactions on Electron Devices, Vol. 35, No. 6, June 1988.

P. A. Neukomm, H. P. Bornhauser, T. Hochuli, R. Paravicini, and G. Schwarz,

"Characteristics of Thin-wire Shape Memory Actuators" Transducers '89, Proceedings of

the 5 th International Conference on Solid-State Sensors and Actuators, Vol. 2, pp. 247-

252, June 1990.
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IX. Piezoelectric Actuators

Piezoelectric materials exhibit motion under an applied electric field. The

piezoelectric effect has been well researched and understood for many years and the

MEMS community has used piezoelectrics to build devices that produce strong forces
with small actuation distances.

A. The Piezoelectric Effect

Piezoelectricity determines the distribution of the electric polarization and

demonstrates how a piezoelectric field reacts to an electric stress by emitting

depolarization waves.[6] This polarization field is linearly related to mechanical strain in

certain types of crystals, such as quartz and GaAs. When the crystal is in equilibrium,

strain is balanced by internal polarization force• However, when equilibrium is offset by

external mechanical stress or by an external electric field, the emitting depolarization field

will create a force to restore internal equilibrium. As a result, an externally produced

electric field will cause a displacement and an externally produced mechanical stress will
create an electric field.

Since the piezoelectric effect couples mechanical and electrical fields effectively,

it has been researched in a multitude of materials. In 1910, Voigt showed that there were

32 classes of crystals that exhibited piezoelectric properties, and he measured coupling

coefficients for these. In MEMS, the most common materials used are crystalline SiO2

(Quartz), ZnO, A1N, and PZT.

Figure 6-31: Diagram of a piezoelectric transducer (after [106]). An applied voltage causes the

piezoelectric material to expand, which drives the structure.
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B. PiezoelectricDevices

Piezoelectricdevicescanbeconstructedout of anumberof different structures.A
commonimplementationof piezoelectricsis to produceapiezoelectricmassandconnect
electrical leadsto it, as shown in Figure 6-25. The extensionand contraction of the
piezoelectricbar is governedby theequation:

D = ecE+ ec

T = c Ec + eE

(6-66a)

(6-66b)

where

E = the electric field

D = electric displacement at equilibrium

e_ = dielectric constant at zero strain

e = is the piezoelectric stress constant

= mechanical strain

T =externally applied stress

CE = elastic stiffness at equilibrium

So, clearly, the mechanical displacement in this structure is coupled to the applied

electric field. One limitation of piezoelectric devices is that the actuation distance is

usually small. Since piezoelectric devices operate by inducing a strain in a crystal, it

would be extremely unusual to displace a piezoelectric device more than a few percent of

its total length.

Piezoelectric devices are also commonly used as sensors. Since piezoelectric

materials are electromechanically coupled, these devices can be used in much the same

manner as piezoresistive elements, with strain being converted into a change in current

instead of a change in resistivity.

C. Reliability Issues

Piezoelectric devices operate by inducing stress in a material. As such, they

should be treated as structural devices and be analyzed for stress distributions to prevent

fracture. The difficulty with structural analysis in piezoelectric devices stems from the

fact that piezoelectric materials have unusual crystal structures. Quartz, for example, is a

rhombohedral structure with nine individual elastic constants. For these materials
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Young's modulus and Poisson's ratio will exhibit less symmetrythan cubic crystals.
While the analysesfor thesematerialsis not intractable,it is notasstraightforwardas it is
for cubiccrystals.

Piezoelectricdevicesalso generatea considerableheat. Sincethesedevicesare
subjectedto mechanicalstressesand have significant electrical losses,there is heat
transferacrossa device. For a rectangularpiezoelectricactuatordriven at a frequencyf,
therewill beachangein temperature,AT, determined by: [ 116]

AT- ufve
k(T)A (6-67)

where

= +roXr+to)+

h-_.= the average convective heat transfer coefficient (6-30 W/m2-K in air)

u = loss of the material per cycle

A = surface area of the piezoelectric actuator

v_ = effective volume of the piezoelectric actuator (volume of the material not at

equilibrium)

This heat production will stress a material and will also limit the performance of a

device. Piezoelectricity is also, like piezoresistivity, temperature sensitive. As such, the

heat generation must be considered in determining the reliability characteristics of a

piezoelectric device.[ 116]

D. Additional Reading

J. W. Judy, D. L. Polla, and W. P. Robbins, "Experimental Model and IC-Process Design

of a Nanometer Linear Piezoelectric Stepper Motor" Microstructures, Sensors and

Actuators, DSC-Vol. 19, pp. 11-17, November, 1990.

K. Ikuta, S. Aritomi, T. Kabashima, "Tiny Silent Linear Cybernetic Actuator Driven by

Piezoelectric Device with Electromagnetic Clamp", IEEE Proceedings Microelectro-

mechanical Systems, pp. 232-237, February 1992.
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Chapter 7: Finite Element Analysis and Applications to
MEMS

J. Newell, K. Man, and B. Stark

The design and development of MEMS is a challenging task, requiring substantial

investment in capital equipment and plant facilities. For such investments to be fruitful,

MEMS engineers must have the capability to fully characterize the inner workings of

these devices, in order to predict temperatures, stresses, dynamic response characteristics,

and possible failure mechanisms. Relatively simple hand calculations can often be

performed for such analyses, particularly when considering planar or beam-type

geometries subject to the influence of temperature, applied force, or pressure loads.

These analyses were presented in the preceding chapter for individual devices. The finite

element method provides a convenient tool for conducting more complex analyses, and

will be discussed in some detail.

In finite element analysis, the structure to be analyzed is discretized into small

elements, each having an associated stiffness matrix. Several finite elements have been

developed to represent common structures, including quadrilateral plates, triangular

plates, solid brick elements, and beam elements. For each such element, the stiffness

matrix is stored mathematically in a lookup table, in the form of fundamental equations.

When problem-specific parameters such as dimensional coordinates, the material elastic

modulus, Poisson's ratio and density are put in these equations, the local stiffness, as

represented by one element, is uniquely known. When a structure is fully discretized, or

meshed, into many such elements, its global stiffness can be assembled, again in the form

of a matrix, from the combined stiffnesses of all the interacting elements. If a force or set

of forces is subsequently applied to the structure, the static displacement response can

then be calculated by inverting the global stiffness matrix, as follows:

{F} = {k}{x} :::> {x} = {F}{k} q

where {F} = applied force vector

(7-1)

{k} = stiffness matrix

{x } = displacement vector.

This basic concept can be used in the solution of many problems involving a

variety of applied loading conditions, including externally applied static forces, pressures

and temperatures. Several example cases of such analyses are provided below.
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I. Heat Transfer Analysis

Finite element models are often used to study the heat transfer characteristics of a

device, to understand where and how heat is rejected as well as the transient and steady-

state temperature distributions. Figure 7-1 shows such a finite element model of an

advanced hybrid, where unpackaged die are bonded to a chip carrier substrate.

Figure 7-1: Hybrid device with cover removed.

When the device is powered, the die reject a known amount of power. The

temperature increase through the stack of materials from the top of the chip to the bottom

of the package is evaluated, along with the temperature distribution within the various

layers. This identifies any potential limitations due to adhesive or dielectric material
selection.

Another example of a heat transfer analysis is illustrated in Figure 7-2, which

shows a solid model of a substrate-mounted die. In this model, the die is bonded to a

substrate with an adhesive, and the substrate is in turn bonded to a steel header. When the

die-generated heat flux is applied to the model, the steady state temperature distribution,

shown in the figure, occurs.
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Figure 7-2: Substrate mounted die.

This modeling can be applied to aid in MEMS design. One example of this was

done in the development of a microisolation valve for future spacecraft propulsion

systems. To do this, a model was created to study temperature distributions in a channel

barrier upon application of device power. The geometry of Figure 7-3 was used to create

the model of heat distribution, which was analytically loaded with a known power input.

The finite element analysis resulted in Figure 7-4, which shows temperature distribution

at discrete locations on the valve.

[] Silicon

[] doped Silicon i_t_f_
barrier

metallization metallilatioa
_ (r_)

metallizaliem
thiclme.ss (mr)

channel --41_
width (chw)

Figure 7-3: Channel barrier schematic.
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Figure 7-4: Temperature distribution in channel barrier.

II. Thermal Stress Analysis

Finite element modeling can also be used to model thermal stress. Figure 7-4

shows an etched recess in silicon, part of another micropropulsion system, which is used

to reduce heat loss into the structure by creating a thermal choke near the edge of the

heater strips. The thermal and structural finite e.lement models used to assess the heat loss

associated with the geometry of the structure are shown on the right. They show a

dramatic reduction in heat loss by decreasing the cross sectional area through which heat

flux occurs and by increasing the heat conductive path. However, there is a limit to which

the bridge thickness can be reduced without compromising its structural integrity.

Through these applications of finite element analyses, it is possible to obtain a nearly
optimum design.
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Figure 7-5: Finite element model of a vaporizing liquid microthruster.

III. Thermal Fatigue Stress Analysis

Another application of finite element analysis is examining the effects of thermal

fatigue. When structural members are subjected to repeated loading, failure can occur at

stresses significantly lower than the ultimate tensile strength of the material, as discussed

in Chapter 3. In a fatigue situation, the designer or engineer would generally like to

predict the number of cycles a member can endure prior to failure. A widely used

technique for such predictions is the Coffin-Manson relation: [60]

2 E
(7-2)

where

Ae is the total cyclic strain excursion,

_[ is the fatigue strength coefficient,

2Nf is the number of load reversals to failure,

b is the fatigue strength exponent,
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_I is thefatigueductility coefficient,

cis thefatigueductility exponent.

Thefour fatigueparametersO's, e'i , b and c must be determined from experimental

cycle test data, and are documented in the literature for many materials. The usefulness of

this equation comes from the fact that, when the cyclic strain excursion, elastic modulus

and four fatigue parameters are known, the number of load reversals to failure 2Nf can be
calculated.

This analysis can be facilitated through finite element modeling, and an example

of the thermal stresses occurring in microelectronic device vias is offered. The via is an

aluminum trace embedded in a parent silicon substrate, which serves as a conductive path

to facilitate signal flow from one location to another within the device. When the chip is

powered, internally dissipated heat elevates the device temperature, inducing thermal

stresses in regions of dissimilar material. These stresses, produced by mismatches in the

local coefficient of thermal expansion, are important parameters to understand, as they
directly affect the life of the device.

Figure 7-6 shows a 3-dimensional electron microscope image of the structure

under study. If a cross-section is taken through the Figure 7-6 via, the geometry

illustrated in Figure 7-7 is found. The typical via has a slope of 26 degrees, with sharp
intersecting comers at signal plane transitions.

Figure 7-6: Electron micrograph of 3-D intermetallic via.
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Si02
4_m

Figure 7-7: Inter-metallization via geometry.

The device must operate in a severe environment, with temperatures ranging from

-65 °C to 150 °C. Such a large temperature excursion causes significant stress in the

materials, due primarily to the difference in coefficients of thermal expansion between the

metal layers and the SiO2 dielectric. The stress problem is made even worse through duty

cycling, in which the unit is powered on and off repeatedly, forcing the via to undergo

cyclic stress-strain excursions.

To effect a calculation of the total cyclic strain range, the device cross-section was

used in the construction of a 2-dimensional, plane strain finite element model. As

illustrated in Figure 7-8, the finalized FEM incorporated 702 two-dimensional elements,

connecting a total of 758 space coordinates. A vertical constraint boundary condition was

placed on nodes of the base silicon dioxide layer, while a symmetry argument was
invoked on the two sides. The top of the passivation layer was allowed to expand without

restraint.

Figure %8: Finite element model of intermetallie via.
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To obtainthe cyclic stress-strainresponse,a temperaturefield wasappliedto the
model to simulaterepeatedheat-upandcool-downcycling betweentemperaturesof -65
°C and 150 °C. The resulting non-linear, elasto-plasticstress-strainresponsewas
obtained,assuminga vonMisesyield criterion.

Figure 7-9 shows a plot of maximum von Mises equivalent stressversus
equivalentstrain from the finite elementmodel. The output was requestedat a single
spacecoordinate,whose stress-strainresponsewas larger than at any other model
location.

Figure 7-9: Stress-strain hysteresis loop from finite element analysis.

The plot shows a total of 5 temperature cycles, and illustrates a number of

interesting facts. Nonlinearity of the via material is evident, with yielding seen to occur at

the outset of the initial temperature rise, and subsequently at various points in hot/cold

cycling. The material also undergoes strain hardening during each cycle such that, with

each subsequent temperature loop, a slightly higher stress is required to develop the same

strain. The material response tends to stabilize with each successive load reversal, until a

relatively stable hysteresis loop is achieved.

By examining the last, ostensibly stable hysteresis loop, the total cyclic strain

range is seen to equal approximately 0.008, with elastic and plastic components as

indicated in Figure 7-10. With the cyclic strain range determined, device life can be
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Figure 7-10: Static deflection of a 3 lam thick Si membrane subjected to a 1 MPa pressure.

calculated from Equation 7-2. For additional information regarding these techniques, the

reader is referred to References [60] and [62].

IV. Static Analysis

One of the more common uses of finite element modeling is to look at the static

motion of mechanical objects. As presented in Chapter 6, motion becomes very difficult

to analytically determine as structures become arbitrarily complex. For this reason, finite

element modeling can be used to determine the mechanical response of structures to

external forces.

One common application of static analysis is in the deflection of thin plates.

Application of finite element modeling yields the result for a square plate of width a, with

fixed boundary conditions, that the deflection of the center of the plate, w0, is

approximated by:

qa 4 (7-3)
W 0 ---

256D

where

q = uniformly distributed load

D = flexural rigidity of the membrane
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ff this method is applied to the entire plate, it will yield a deflection shown in Figure 7-10.

V. Modal Analysis

Another application of finite element modeling to MEMS is the analysis of

resonant modes. Modal information is useful because a) it shows displacement maxima

in a vibration event, b) it reveals the frequencies of natural vibration, and it can be used to

predict the stochastic response of the device when it is excited by random vibration, as

occurs during a spacecraft launch. Figures 7-12 and 7-13 show the resulting shapes of

two such modes in the device shown in Figure 6-8. It should be noted that these are

naturally occurring resonant excitation states of the device, and will be excited if a

harmonic forcing function is applied to the unit.

Figure 7-11: Finite element model ofa micromagnetometer.
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Figure 7-12: 1st resonant mode.

Figure 7-13: 2nd resonant mode.

VI. Software Tools

Many software tools are available for general finite element analysis, and

information regarding a number of these is included in the table below. Note that

virtually all such packages provide linear static, dynamic and normal modes analysis

capabilities. PATRAN and I-DEAS both have highly evolved user interfaces, and are

most suitable for pre- and post-processing of finite element models, regardless of the FE

solver utilized. ABAQUS and ANSYS are known for their strong capabilities in highly

non-linear analysis. Both COSMOS and FEMAP are PC-based codes, designed for

optimum performance on Windows-based personal computers. Cosmic NASTRAN is a
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public-domain code developedby NASA in the 1960s. As such, it comeswith few
features,but is availableat very low cost.

SoftwarePackage

CosmicNASTRAN

MSC/PATRAN
MSC/NASTRAN
MSC/ABAQUS

ANSYS

I-DEAS

FEMAP

COSMOS

Capabilities Vendor

Linearstatics,dynamics,
normalmodes

Generalpre-andpost-
processingpackage
Linearstatics,dynamics,
normalmodes,heat
transfer
Non-linearstatics&
dynamics
Linearstatics,dynamics,
normalmodes,heat
transfer
Highly non-linearstatics
& dynamicscapability

Generalpre-andpost-
processingpackage
Linearstatics,dynamics,
normalmodes,heat
transfer

Generalpre-andpost-
processingpackage
Linearstatics,dynamics,
normalmodes,heat
transfer
Linearstatics,dynamics,
normalmodes,heat
transfer

Universityof Georgia
ComputerSoftwareMgmt Info Center
382EastBroadStreet
Athens,GA 30602-4272
Phone:(706)542-3265
Web: http://www.cosmic.uga.edu
MacNealSchwindlerCorp.
815ColoradoBlvd.
LosAngeles,CA 90041-1777
Phone: (800) 336-4858
Web: http://www.macsch.com

ANSYS, Inc.
Southpointe
275TechnologyDrive
Canonsburg,PA 15317
Phone: (724)746-3304
Web: http://www.ansys.com
StructuralDynamicsResearchCorp.
2000EastmanDrive
Milford, Ohio45150-2789
Phone: (513)576-2400
Web: http://www.sdrc.com
EnterpriseSoftwareProducts,Inc.
415EagleviewBlvd., Suite105
Exton,PA 19341
Phone: (610)458-3660
Web: http://www.entsoft.com
StructuralResearch& AnalysisCorp.
12121Wilshire Boulevard,7thFloor
LosAngeles,CA 90025
Phone: (310)207-2800
Web:http://www.cosmosm.com

Table 7-1: Finite element modeling software packages.
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Chapter 8: MEMS Packaging

R. D. Gerke

I. Introduction

MEMS is a relatively new field which is tied so closely with silicon processing

that most of the early packaging technologies will most likely use "off-the-shelf"

packaging "borrowed" from the semiconductor microelectronics field. Packaging of

microelectronics circuits is the science and art of establishing interconnections and an

appropriate operating environment for predominantly electrical (and in the case of

MEMS, electromechanical) circuits to process and/or store information.

Packaging manifests itself in novel and unique creations that ingeniously reconcile

and satisfy what seem to be mutually exclusive application requirements and constraints

posed by the laws of nature and the properties of materials and processes. All

applications can be summed up in three terms: cost, performance and reliability.

Packaging can span from the consumer to midrange systems to the high

performance/reliability applications. It must be noted that no sharp boundaries exist

between the classes, only a gradual shift from optimization for parameters which control

performance and cause the cost to increase. All along, the reliability must also be

considered. The packaging chapter that follows will summarize the primary package types

that will likely apply to MEMS technology and the concerns that traditionally have

concerned the microelectronics field.

Webster's dictionary defines package as a group or a number of things, boxed and

offered as a unit. MEMS packages can contain many electrical and mechanical

components. To be useful to the outside world these components need interconnections.

Alone, a MEM die sawed from a wafer is extremely fragile and must be protected from

mechanical damage and hostile environments. To function, electrical circuits need to be

supplied with electrical energy, which is consumed and transformed into mechanical and

thermal (heat) energy. Because the system operates best within a limited temperature

range, packaging must offer an adequate means for removal of heat.

II. Functions of MEMS Packages

The package serves to integrate all of the components required for a system

application in a manner that minimizes size, cost, mass and complexity. The package

provides the interface between the components and the overall system. The following

subsections present the three main functions of the MEMS package: mechanical support,

protection from the environment, and electrical connection to other system components.
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A. Mechanical Support

Due to the very nature of MEMS being mechanical, the requirement to support

and protect the device from thermal and mechanical shock, vibration, high acceleration,

particles, and other physical damage (possibly radiation) during storage and operation of

the part becomes critical. The mechanical stress endured depends on the mission or

application. For example, landing a spacecraft on a planet's surface creates greater

mechanical shock than experienced by a communication satellite. There is also a

difference between space and terrestrial applications.

The coefficient of thermal expansion (CTE) of the package should be equal to or

slightly greater than the CTE of silicon for reliability, since thermal shock or thermal

cycling may cause die cracking and delamination if the materials are unmatched or if the

silicon is subject to tensile stress. Other important parameters are thermal resistance of

the carrier, the material's electrical properties, and its chemical properties, or resistance to
corrosion.

Once the MEMS device is supported on a (chip) carrier, the wire bonds or other

electrical connections are made, the assembly must be protected from scratches,

particulates, and other physical damage. This is accomplished either by adding walls and

a cover to the base or by encapsulating the assembly in plastic or other material. Since

the electrical connections to the package are usually made through the walls, the walls are

typically made from glass or ceramic. The glass or ceramic can also be used to provide

electrical insulation of the leads as they exit through a conducting package wall (metal or

composite materials). Although the CTE of the package walls and lid do not have to

match the CTE of silicon based MEMS as they are not in intimate contact (unless an

encapsulating material is used), it should match the CTE of the carrier or base to which

they are connected.

B. Protection From Environment

a) The Simple- Mechanical only

Many MEMS devices are designed to measure something in the immediate

surrounding environment. These devices range from biological 'sniffers' to chemical

MEMS that measure concentrations of certain types of liquids. So the traditional

'hermeticity' that is generally thought of for protecting microelectronic devices may not

apply to all MEMS devices. These devices might be directly mounted to a printed circuit

board (PCB) or a hybrid-like ceramic substrate and have nothing but a 'housing' to

protect it from mechanical damage such as dropping or something as simple as damage

from the operator's thumb.
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b) TheTraditional- Hermeticandnon-Hermetic

Manyelementsin theenvironmentcancausecorrosionor physicaldamageto the
metallines of theMEMS aswell asothercomponentsin thepackage. Although thereis
nomoisturein space,moistureremainsaconcernfor MEMS in spaceapplicationssinceit
may be introduced into the packageduring fabrication and before sealing. The
susceptibilityof theMEMS to moisturedamageis dependenton the materialsusedin its
manufacture. For example,A1 lines cancorrode quickly in the presenceof moisture,
whereasAu lines degradeslowly, if at all, in moisture. Also, junctions of dissimilar
metalscan corrodein the presenceof moisture. Moisture is readily absorbedby some
materialsused in the MEMS fabrication, die attachment,or within the package;this
absorptioncausesswelling,stress,andpossiblydelamination.

To minimize these failure mechanisms,MEMS packagesfor high reliability
applicationsmayneedto be hermeticwith thebase,sidewalls,andlid constructedfrom
materialsthat aregoodbarriersto liquids and gasesanddo not trap gassesthat are later
released.

C. Electrical Connection to Other System Components

Because the package is the primary interface between the MEMS and the system,

it must be capable of transferring DC power and in some designs, RF signals. In addition,

the package may be required to distribute the DC and RF power to other components

inside the package. The drive to reduce costs and system size by integrating more MEMS

and other components into a single package increases the electrical distribution problems

as the number of interconnects within the package increases.

When designs also require high frequency RF signals, the signals can be

introduced into the package along metal lines passing through the package walls, or they

may be electromagnetically coupled into the package through apertures in the package

walls. Ideally, RF energy is coupled between the system and the MEMS without any loss

in power, but in practice, this is not possible since perfect conductors and insulators are

not available. In addition, power may be lost to radiation, by reflection from components

that are not impedance matched, or from discontinuities in the transmission lines. The

final connection between the MEMS and the DC and RF lines is usually made with wire

bonds, although flip-chip die attachment and multilayer interconnects using thin dielectric

may also be possible.

D. Thermal Considerations

For small signal circuits, the temperature of the device junction does not increase

substantially during operation, and thermal dissipation from the MEMS is not a problem.

However, with the push to increase the integration of MEMS with power from other

circuits such as amplifiers perhaps even within a single package, the temperature rise in
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the devicejunctions can be substantialand causethe circuits to operatein an unsafe
region. Therefore, thermal dissipationrequirementsfor power amplifiers, other large
signalcircuits, andhighly integratedpackagescanplaceseveredesignconstraintson the
packagedesign.

Thejunction temperatureof anisolateddevicecanbedeterminedby

Tj = Q * R, + Tease

where

a is the heat generated by the junction and is dependent on the output power of

the device and its efficiency,

R is the thermal resistance between the junction and the case, and

T is the temperature of the case.

Normally, the package designer has no control over Q and the case temperature,

and therefore, it is the thermal resistance of the package that must be minimized. Figure

8-1 is a schematic representation of the thermal circuit for a typical package, where it is

assumed that the package base is in contact with a heat sink or case.

It is seen that there are three thermal resistances that must be minimized: the

resistance through the package substrate, the resistance through the die-attach material,

and the resistance through the carrier or package base. Furthermore, the thermal

resistance of each is dependent on the thermal resistivity and the thickness of the material.

A package base made of metal or metal composites has very low thermal resistance and

therefore does not add substantially to the total resistance. When electrically insulating

materials are used for bases metal-filled via holes are routinely used, under the MEMS, to

provide a thermal path to the heat sink. Although thermal resistance is a consideration in

the choice of the die attach material, adhesion and bond strength are even more important.

To minimize the thermal resistance through the die-attach material, the material must be

thin, there can be no voids, and the two surfaces to be bonded should be smooth.
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Figure 8-1: Cross section of MMIC attached to a package
and its equivalent thermal circuit.

HI. Types of MEMS Packages

Each MEMS application usually requires a new package design to optimize its

performance or to meet the needs of the system. It is possible to loosely group packages

into several categories. Four of these categories: 1) all metal packages, 2) ceramic, 3)

plastic packages, and 4) thin-film multilayer packages are presented below.

A. Metal Packages

Metal packages are often used for microwave multichip modules and hybrid

circuits because they provide excellent thermal dissipation and excellent electromagnetic

shielding. They can have a large internal volume while still maintaining mechanical

reliability. The package can use either an integrated base and sidewalls with a lid or it can

have a separate base, sidewalls, and lid. Inside the package, ceramic substrates or chip

carriers are required for use with the feedthroughs.

The selection of the proper metal can be critical. CuW (10/90), Silvar TM (a Ni-Fe

alloy), CuMo (15/85), and CuW (15/85) all have good thermal conductivity and a higher

CTE than silicon, which makes them good choices. Kovar TM, a Fe-Ni-Co alloy

commonly. All of the above materials, in addition to Alloy-46, may be used for the

sidewalls and lid. Cu, Ag, or Au plating of the packages is commonly done.

Before final assembly, a bake is usually performed to drive out any trapped gas or

moisture. This reduces the onset of corrosion-related failures. During assembly, the

highest temperature curing epoxies or solders should be used first and subsequent

processing temperatures should decrease until the final lid seal is done at the lowest

temperature to avoid later steps damaging earlier steps. Au-Sn is a commonly used solder
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that works well whenthe two materialsto bebondedhavesimilar CTEs. Au-Sn solder
joints of materialswith a large CTE mismatchare susceptibleto fatigue failures after
temperaturecycling. The AuSn intermetallics that form tend to be brittle and can
accommodateonly low amountsof stress.

Welding (using lasersto locally heat the joint betweenthe two parts without
raising the temperatureof the entire part) is a commonlyused alternative to solders.
Regardlessof thesealtechnology,no voids or misalignmentscanbe toleratedsincethey
can compromisethe packagehermeticity. Hermeticity can also be affected by the
feedthroughsthat arerequiredin metal packages.Thesefeedthroughsaregenerallymade
of glass or ceramic and each method (glass seal or aluminum feedthrough)has its
weakness.Glasscancrackduringhandlingandthermalcycling. The conductorexiting
through the ceramicfeedthroughmay not seal properlydue to metallurgical reasons.
Generally, these failures are due to processingproblems as the ceramic must be
metallizedsothat theconductor(generallymetal)maybe soldered(or brazed)to it. The
metallization processmust allow for completewetting of the conducting pin to the
ceramic. Incompletewettingcanshowupasafailureduringthermalcycletesting.

B. Ceramic Packages

Ceramic packages have several features that make them especially useful for

microelectronics as well as MEMS. They provide low mass, are easily mass produced,

and can be low in cost. They can be made hermetic, and can more easily integrate signal

distribution lines and feedthroughs. They can be machined to perform many different

functions. By incorporating multiple layers of ceramics and interconnect lines, electrical

performance of the package can be tailored to meet design requirements. These types of

packages are generally referred to as co-fired multilayer ceramic packages. Details of the

co-fired process are outlined below. Multilayer ceramic packages also allow reduced size

and cost of the total system by integrating multiple MEMS and/or other components into

a single, hermetic package. These multilayer packages offer significant size and mass

reduction over metal-walled packages. Most of that advantage is derived by the use of
three dimensions instead of two for interconnect lines.

Co-fired ceramic packages are constructed from individual pieces of ceramic in

the "green" or unfired state. These materials are thin, pliable films. During a typical

process, the films are stretched across a frame in a way similar to that used by an artist to

stretch a canvas across a frame. On each layer, metal lines are deposited using thick-film

processing (usually screen printing), and via holes for interlayer interconnects are drilled

or punched. After all of the layers have been fabricated, the unfired pieces are stacked

and aligned using registration holes and laminated together. Finally, the part is fired at a

high temperature. The MEMS and possibly other components are then attached into place

(usually organically (epoxy) or metallurgically (solders), and wire bonds are made the

same as those used for metal packages.
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Severalproblemscanaffectthe reliability of this packagetype. First, the green-
stateceramicshrinksduring thefiring step. Theamountof shrinkageis dependenton the
numberandpositionof via holesandwells cut into eachlayer. Therefore,different layers
may shrink more than otherscreating stressin the final package. Second,because
ceramic-to-metaladhesionis not as strong as ceramic-to-ceramicadhesion,sufficient
ceramic surfacearea must be availableto assurea good bond betweenlayers. This
eliminates the possibility of continuous ground planes for power distribution and
shielding. Instead,metal grids are used for these purposes. Third, the processing
temperatureandceramicpropertieslimit thechoiceof metallines. To eliminatewarping,
the shrinkagerateof the metal andceramicmust bematched. Also, the metalmust not
reactchemicallywith theceramicduring thefiring process.Themetalsmost frequently
usedareW and Mo. There is a classof Low TemperatureCo-fired Ceramic(LTCC)
packages. The conductorsthat aregenerallyusedare Ag, AgPd, Au, and AuPt. Ag
migrationhasbeenreportedto occurat hightemperatures,highhumidity, andalong faults
in theceramicof LTCC.

C. Thin-Film Mu!tilayer Packages

Within the broad subject of thin-film multilayer packages, two general

technologies are used. One uses sheets of polyimide laminated together in a way similar

to that used for the LTCC packages described above, except a final firing is not required.

Each individual sheet is typically 25 lam and is processed separately using thin-film metal

processing. The second technique also uses polyimide, but each layer is spun onto and

baked on the carrier or substrate to form 1- to 20 lam-thick layers. In this method, via

holes are either wet etched or reactive ion etched (RIE). The polyimide for both methods

has a relative permittivity of 2.8 to 3.2. Since the permittivity is low and the layers are

thin, the same characteristic impedance lines can be fabricated with less line-to-line

coupling; therefore, closer spacing of lines is possible. In addition, the low permittivity

results in low line capacitance and therefore faster circuits.

D. Plastic Packages

Plastic packages have been widely used by the electronics industry for many years

and for almost every application because of their low manufacturing cost. High reliability

applications are an exception because serious reliability questions have been raised.

Plastic packages are not hermetic, and hermetic seals are generally required for high

reliability applications. The packages are also susceptible to cracking in humid

environments during temperature cycling of the surface mount assembly of the package to

the mother-board. Plastic packaging for space applications may gain acceptability as time

goes on. The reliability of plastic packages is presented in Section 8-V.
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IV. Package-to-MEMS Attachment

The method used to attach a MEMS device to a package is a general technology

applicable to most Integrated Circuit (IC) devices. Generally referred to as die attach, the

function serves several critical functions. The main function is to provide good

mechanical attachment of the MEMS structure to the package base. This ensures that the

MEMS chip (or die) does not move relative to the package base. It must survive hot and

cold temperatures, moisture, shock and vibration. The attachment may also be required to

provide a good thermal path between the MEMS structure and the package base. Should

heat be generated by the MEMS structure or by the support circuitry, the attachment

material should be able to conduct the heat from the chip to the package base. The heat

can be conducted away from the chip and 'spread' to the package base which is larger in

size and has more thermal mass. This spreading can keep the device operating in the

desired temperature range. If the support circuitry requires good electrical contact from

the silicon to the package base, the attachment material should be able to accommodate
the task.
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The stability andreliability of the attachmaterialis largelydictatedby the ability of the
material to withstand thermomechanicalstressescreated by the differences in the
coefficientof thermalexpansion(CTE) betweenthe MEMS silicon andthe packagebase
material. Thesestressesareconcentratedat the interfacebetweenthe MEMS silicon
backsideandthe attachmaterialandtheinterfacebetweenthedie attachmaterialandthe
packagebase.SiliconhasaCTE between2 and3ppm/°Cwhile mostpackagebaseshave
higherCTE (6 to 20ppm/°C). An expressionwhichrelatesthenumberof thermalcycles
that a die attachcanwithstandbeforefailure is basedon the Coffin-Mansonrelationship
for strain. Theequationbelowdefinesthecasefor die attach,

2*t )N(f) oc ym L * ACTE * AT

where

m =

L =

T =

shear strain

material constant

diagonal length of the die

die-attach material thickness

COMPRESSIV_..._I MEMSDEVICE _COMPRESSIVE

STRESS N_-- DIEATI'ACHMATERIAL N_ STRESS

_ v////////////////////_/__

Figure 8-2: MEMS device in compression.

Voids in the die attach material cause areas of localized stress concentration that

can lead to premature delamination. Presently, MEMS packages use solders, adhesives or

epoxies for die attach. Each method has advantages and disadvantages that affect the

overall MEMS reliability. Generally, when a solder is used, the silicon die would have a

gold backing. Au-Sn (80-20) solder generally is used and forms an Au-Sn eutectic when

the assembly is heated to approximately 250°C in the presence of a forming gas. When

this method is applied, a single rigid assembled part with low thermal and electrical

resistances between the MEMS device and the package. One problem with this

attachment method is that the solder attach is rigid (and brittle) which means it is critical

for the MEMS device and the package CTEs match since the solder cannot absorb the

stresses.
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Adhesivesand epoxiesare comprisedof a bonding material filled with metal
flakesasshownin thefigure. Typically, Ag flakesareusedasthemetalfiller sinceit has
good electrical conductivityand hasbeenshownnot to migratethrough the die attach
material.[1,2] These die attach materials have the advantage of lower process
temperatures.Generallybetween100and200°Carerequiredto curethematerial. They
also have a lower built-in stressfrom the assemblyprocessas comparedto solder
attachment. Furthermore,sincethe die attachdoesnot createa rigid assembly,shear
stressescausedby thermalcycling andmechanicalforcesarerelievedto someextent.[3,4]
One particular disadvantageof the soft die attach materials are that they have a
significantly higherelectricalresistivitywhich is l0 to 50 timesgreaterthansolderanda
thermalresistivitywhich is 5 to 10timesgreaterthansolder. Lastly, humidity hasbeen
shownto increasetheagingprocessof thedie-attachmaterial.[2]

Ag Flakes MEMS DEVICE l

_ _:_ t _'_ _ t'_ '_ I_'_._'_
P DIE ATTACH MATER _ a_

_ PACKAGE BASE

Figure 8-3: Schematic representation of silver filled epoxy resin.

V. Chip Scale Packaging

A. Flip Chip

Controlled Collapse Chip Connection (C4) is an interconnect technology

developed by IBM during the 1960s as an alternative to manual wire bonding.

Often called "flip-chip," C4 attaches a chip with the circuitry facing the substrate.

C4 uses solder bumps (C4 Bumps) deposited through a Bump Mask onto wettable chip

pads that connect to matching wettable substrate pads (Figure 8-4). MEMS technology

initially may not use flip chip packaging but the drive toward miniaturization may

necessitate its incorporation into future designs.

"Flipped" chips align to corresponding substrate metal patterns. Electrical and

mechanical interconnects are formed simultaneously by reflowing the C4 Bumps (Figure

8-5). The C4 joining process is self-aligning, i.e., the wetting action of the solder will

align the chip's bump pattern to the corresponding substrate pads. This action

compensates for slight chip-to-substrate misalignment (up to several mils) incurred during
chip placement.
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An addedfeatureof C4 is the ability to rework. Severaltechniquesexist that
allow for removaland replacementof C4 chipswithout scrappingthe chip or substrate.
In fact, reworkcanbeperformednumeroustimeswithout degradingquality or reliability.

Chip

Figure 8-4:C4 (Controlled Collapse Chip Connection) flip chip.

For improved reliability, chip underfill may be injected between the joined chip

and substrate as illustrated in Figure 8-5. It should be noted that any rework must be

performed prior to application of chip underfill.

C4 Bump . Chip Under[ill_

Figure 8-5: Mechanical and electrical connections.

It is important to recognize certain C4 characteristics when deciding on an

interconnect technology. While application, size, performance, reliability and cost all

must be factored in the selection process. However, these factors cannot be applied to the

chip or product only. The overall impact at the System level must be considered for an

equivalent comparison.
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Theprimaryadvantageof C4 is its enablingcharacteristics.Specificadvantagesinclude:

t3 Sizeandweight reduction

[] Applicability for existingchip designs

[] IncreasedI/0 capability

o Performanceenhancement

[] Increasedproductioncapability

c3 Rework/chipreplacement

Keyconsiderationsinclude:

[] Additionalwaferprocessingvs.wire bond

[] Supplementaldesigngroundrules

c3 Waferprobecomplexityfor arraybumppatterns

[] Uniquethermalconsiderations

Most importantly, C4 providesperformance,sizeandI/O densityimprovements. With
C4,nearlytheentirechip surfacecanbeutilized for interconnectpadlocations. In fact, it
hasbeendemonstratedthatonecanhaveover2500C4Bumpson a chip, andchips with
over 1500C4Bumpsarein production.

C4 enablesincreasedinterconnectdensity. Signal,clock andpower connectionscanbe
placedalmostanywhereon thechip andredundancymeansdistributionscanbeoptimized
for minimum noise and skew,current density and line length. Additionally, on-chip
wiring canbereducedsincez-axisescapesareavailablewhereneeded.
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Figure 8-6 comparessinglerow wirebondand C4 chips. Eachchip is 8 mm (200 mil)
square.Wirebondpitch is 76_tm(3 mil) padson 100I.tm(4 mil) centers.C4pitch is 100
_tm(4 mil) bumpson 230 I.tm(9 mil) centers. In this example,interconnectdensityis
increasedover 140%usingC4.
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Wirebond
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Figure 8-6: Interconnect density (wire bond vs. C4).

The reliability of flip-chip contacts is determined by the difference in the CTE

between the chip and the ceramic substrate or the organic printed circuit board (PCB).

For example, the CTE for silicon is -2 - 3 pprnfK, for 96% alumina it is 6.4 pprn/°K, and

for PCB it is typically 20 to 25 ppm/°K. The CTE mismatch between the chip and the

carrier induces high thermal and mechanical stresses and strain at the contact bumps. The

highest strain occurs at the comer joints, whose distance is the largest from the distance

neutral point (DNP) on the chip. For example, the DNP for a 2.5- x 2.5-mm chip is 1.7

mm. The thermomechanical stress and strain cause the joints to crack. When these

cracks become large, the contact resistance increases, and the flow of current is inhibited.

This ultimately leads to chip electrical failure. The typical reliability defined failure

criterion is an increase in resistance in excess of 30 m_ over the zero time value.[5] The

tradeoff in selecting the bump height is that large bumps introduce a series inductance

that degrades high-frequency performance and increases the thermal resistance from the

device to the carrier, if that is the primary heat path.

The reliability of the bump joints is improved if, after reflow, a bead of

encapsulating epoxy resin is dispensed near the chip and drawn by capillary action into

the space between the chip and the carrier. The epoxy is then cured to provide the final

flip-chip assembly. Figure 8-5 shows a typical flip-chip package. The epoxy-resin

underfill mechanically couples the chip and the carrier and locally constrains the CTE

mismatch, thus improving the reliability of the joints. The most essential characteristic of

the encapsulant is a good CTE match with the z-expansion of the solder or the bump
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material. For example, if one uses 95 Pb/5 Sn solder having a CTE of 28 ppm/°K, an

encapsulant with a CTE of about 25 ppm/°K is recommended. Underfilling also allows

packaging of larger chips by increasing the allowable DNP. In some cases, the

encapsulant acts as a protective layer on the active surface of the chip

Good adhesion among the underfill material, the carrier, and the chip surface is

needed for stress compensation. The adhesion between the surfaces can be lost and

delamination can take place if contaminants, such as post-reflow flux residue, are present.

For this reason, a fluxless process for flip-chip assembly is desirable.[5] Unfortunately,

flip-chip bonding on PCB requires the use of flux.[6] However, on ceramic carriers with

gold, silver, and palladium-silver thick-film patterns and via metallizations, fluxless

flipchip thermocompression bonding with gold-tin bumps has demonstrated high

reliability.[5] The results of reliability testing[5] are summarized in Table 8-1 and may

serve as a guideline for future work.

Bump height 30 to 70 _tm

Chip size A few mm

Chip carrier Ceramic
Carrier camber

Camber compensation
Underfill

5 _tm per cm

By bump deformation
Yes

Thermal cycling

High-temperature storage

Temperature and humidity
Pressure-cooker test

After 6500 cycles (-55°C to +125°C), no contact failure and no

change in contact resistance
After 1000 h, no increase in contact resistance

After 1000 h (85'C and 85% RH), no change in contact resistance
After 1000 h (121°C and 29.7 psi), contact resistance increased

slightly from_3 mW to 4 mW

Table 8-I: Summary of reliability test conditions and results for fluxless flip-chip
thermocompression-bonded bump contacts.

Finally, care should be taken that the encapsulant or underfill covers the entire

underside without air pockets or voids, and forms complete edge fillets around all four

sides of the chip. Voids create high-stress concentrations and may lead to early

delamination of the encapsulant. After assembly, a scanning acoustic microscope can be

used to locate voids in the encapsulant. The encapsulant should also be checked for

microcracks or surface flaws, which have a tendency to propagate with thermal cycling

and environmental attacks, eventually leading to chip failure.[7]
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B. Ball-Grid-Array (BGA)

Ball Grid Array is a surface mount chip package that uses a grid of solder balls as its

connectors• It is noted for its compact size, high lead count and low inductance, which

allows lower voltages to be used. BGAs come in plastic and ceramic varieties. It

essentially has evolved from the C4 technology whereas more I/Os can be utilized in the

same area as in a peripherally leaded package (or chip). The CBGA and PBGA are not

truly Chip Scale Packaging but the evolution to the gBGA has come out of the experience

the industry has gained from the CBGA and PBGA packages•

i) Ceramic Ball-Grid-Array (CBGA)

Originally designed by IBM, the CBGA was developed to complement their C4

(flip-chip) technology• The package is comprised of a ceramic (alumina) substrate and a

C4 chip and an aluminum lid as depicted in Figure 8-7. The ball-grid spacing is on 50

mil centers with solder balls composed of high melt solder (90/10 Pb/Sn) attached by

eutectic solder (63/37 Sn/Pb). Recent designs have concentrated on miniaturization and

have reduced the package size and utilized 40 mil on center solder balls.
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Figure 8-7: Ceramic Bali-Grid-Array Package shown with connections on 50 mil centers with a)
top view, b) side view and c) bottom view illustrating the high number of connections.

Aluminum covers that have typically been used with the C4 technology have been

bonded with a silicone adhesive (Sylgard 577) to provide a non-hermetic seal. With the

flip-chip technology this is usually adequate for most applications. A hermetic seal can

be accomplished by designing a seal ring into the ceramic and using a Ni/Fe cover plate

for soldering.
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Thepackageasdescribedabovehasa cavity which would allow for typical chip-and-
wire technologyto be utilized. A MEMS device could be utilized in the wire bond
packageconfigurationfirst andmigrateto useasaflip-chip in laterdesigns.

ii) Plastic Bali-Grid-Array (PBGA)

The Plastic Ball-Grid-Array (PBGA) is very similar to the plastic packaging

technology described in Section 8-V. It is based on the same chip-and-wire technology

and has moisture sensitivity (i.e., susceptible to 'popcorn' cracking during solder reflow)

issues just like plastic packaging. It is different in that it is built on a printed circuit board

substrate rather than a leadframe (metal) material (Figure 8-8). The attach method (to the

motherboard) is accomplished by soldering solder balls or bumps rather than leads.

moldcompound wirebond platedthtu hole

.................°.................\

" Xxde aflaeh

solderbu PC board solderresist metallines

Figure 8-8: A schematic representaion of a Plastic Ball-Grid-Array Package.

One advantage this technology has over conventional plastic packaging is that the

PC board material (which can vary from FR4 to potyimide to BT resin to name a few

materials) can be a simple 2 layer board or be made of multiple layers. Additional layers

allow for power and ground planes.

iii) Micro-Ball-Grid-Array (lxBGA)

p.BGA is a true "Chip Scale Package" (CSP) solution, only slightly larger than the

die itself (die + 0.5mm). It is the ideal package for all memory devices such as Flash,

DRAM and SRAM. uBGA packages enable broad real-estate reductions of typically 50-

80 percent over existing packages. End use applications include cell phones, sub-

notebooks, PDAs, camcorders, disk drives, and other space-sensitive applications. This

package is also an excellent solution for applications that require a smaller, thinner,

lighter or electrically enhanced package. It therefore lends itself nicely to space flight

applications.

The uBGA package is constructed utilizing a thin, flexible circuit tape for its
substrate and low stress elastomer for die attachment. The die is mounted face down and

180



its electrical padsareconnectedto the substratein a methodsimilar to TAB bonding.
After bondingtheseleadsto thedie, the leadsareencapsulatedwith anepoxymaterialfor
protection. Solder balls are attachedto pads on the bottom of the substrate,in a
rectangularmatrix similar to other BGA packages.The backsideof the die is exposed
allowingheatsinkingif requiredfor thermalapplications.Ball pitchesavailabletodayare
0.50, 0.75, 0.80, and 1.0 ram. Other featuresand benefits include: 0.9 mm mounted
height,excellentelectricaland moistureperformance,63/37 Sn/Pbsolderballs, and full
in-housedesignservices.

VI. Multichip Packaging

A. MCM/HDI

Multichip packaging of MEMS can be a viable means of integrating MEMS with

other microelectronic technologies such as CMOS. One of the primary advantages of

using multichip packaging as a vehicle for MEMS and microelectronics is the ability to

efficiently host die from different or incompatible fabrication processes into a common

substrate. High performance multichip module (MCM) technology has progressed

rapidly in the past decade, which makes it attractive for use with MEMS.

The Chip-on-Flex (COF) process has been adapted for the packaging of

MEMS.[8] One of the primary areas of the work was reducing the potential for heat

damage to the MEMS devices during laser ablation. Additional processing has also been

added to minimize the impact of incidental residue on the die.[9]

i) COF/HDI Technology

COF is an extension of the HDI technology developed in the late 1980's. The

standard HDI "chips first" process consists of embedding bare die in cavities milled into a

ceramic substrate and then fabricating a layered thin-film interconnect structure on top of

the components. Each layer in the HDI interconnect overlay is constructed by bonding a

dielectric film on the substrate and forming via holes through laser ablation. The

metallization is created through sputtering and photolithography.[ 10]

COF processing retains the interconnect overlay used in HDI, but molded plastic

is used in place of the ceramic substrate. Figure 8-9 shows the COF process flow. Unlike

HDI, the interconnect overlay is prefabricated before chip attachment. After the chip(s)

have been bonded to the overlay, a substrate is formed around the components using a

plastic mold forming process such as transfer, compression, or injection molding. Vias

are then laser drilled to the component bond pads and the metallization is sputtered and

patterned to form the low impedance interconnects.[ 11]

For MEMS packaging, the COF process is augmented by adding a processing step

for laser ablating large windows in the interconnect overlay to allow physical access to
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the MEMS devices. Figure 8-10 depicts the additional laser ablation step for MEMS

packaging. Additional plasma etching is also included after the via and large area laser

ablations to minimize adhesive and potyimide residue which accumulates in the exposed

windows.

I, Fab_cat¢ overlayaadpatterncopperinterconrtects

¢op_r_

U_a,kl (po_kk)

Kapton (polyimid¢)

2. Applyadhesiveandbonddie to overlay

3. Mold plasticsu_trat¢ arounddie

4, _ drillvie e_l sl_ter metaltization

Figure 8-9: Chip-on-Flex (COF) process flow.[1]

ablated windowsforMEMS access

Figure 8-10: Large area ablation for MEMS access in COF package.
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ii) MEMS Test Chip

MEMS test die can be used in research to assess the impact of various packaging

technologies on MEMS. Test die typically contain devices and structures designed to

facilitate a structured method of monitoring the health of MEMS devices after packaging.

Surface micromachined test die have been available through the Multi-User

MEMS Processes (MUMPs). The MUMPs process has three structural layers of

polysilicon which are separated by sacrificial layers of silicon oxide. The substrate is

electrically isolated from the polysilicon layers by a silicon nitride barrier. The top layer

of the process is gold and is provided to facilitate low-impedance wiring of the MEMS

devices but can also be used as a reflective surface for optical devices. Table 8-2 lists

nominal thicknesses of the various layers, and Figure 8-11 shows a cross-sectional view

of a notional MUMPs layout.

Gold

Poly 2
2 na Oxide

Poly 1
1st Oxide

Poly 0
Nitride

0.75

2.0

2.0

0.5

0.6

Table 8-2: MUMPs layer thickness.[10]

u am m u _

Figure 8-11: Cross-section of MUMPs layout.[10]
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Amongthe test structureson the testdie arebreakagedetectorsto monitor excess
forceand polysilicon resistorsto monitor excessheating. Other deviceson the die are
representativeof MEMS structureswhich might beusedin anactualapplication. Table
8-3lists generalcategoriesof deviceson thesurfacemicromachiningtestdie.

DeviceCategory

Breakage Detectors

Polysilicon Resistors

Vari able, .Capacitors

Flip-up and Rotating Devices

Thermal Actuators

Electrostatic Piston Mirrors

Electrostatic Comb Drives

Table 8-3: MEMS device categories included on surface micromachining test die.

The bulk micromachining test die was fabricated through MOSIS using the Orbit

CMOS MEMS process. The CMOS MEMS process is based on the standard 2 gm

CMOS technology. The CMOS process has two metal and two polysilicon layers.

Additional processing is added to allow MEMS fabrication. Provisions are made to

specify cuts in the overglass to expose the silicon substrate for bulk micromachining. In

addition, regions of boron doping can be specified to form etch steps for anisotropic

silicon etchants such as ethylene diamine Pyrocatechol (EDP) and potassium hydroxide

(KOH). These tools allow for bulk micromachining to be accomplished in the standard

CMOS process.[ 12] Table 8-4 lists some of the device categories represented on our bulk

micro.machining test die. A sampling of integrated circuits such as ring oscillators for

testing package interconnects was also included on the test die.

Breakage Detectors

Polysilicon Resistors
Cantilevers

Suspended Structures

Thermal Bimorphs

Table 8-4: MEMS device categories included on bulk micromachining test die.
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COF overlay

Micromirror Flip-up

arrays Fresnel lens

__ _' Slide-up
mirror

Figure 8-12: Windows laser ablated in COF overly for MEMS access.[9]

B. System on a Chip (SOAC)

System on a chip may not necessarily be classified as a packaging technology. It

is derived from the wafer fabrication process where numerous individual functions are

processed on a single piece of silicon. These processes, generally CMOS technology, are

compatible with the MEMS processing technology. Most SOAC chips are designed with

a microprocessor of some type, some memory, some signal processing and others. It is

very conceivable that a MEMS device could one day be incorporated on a SOAC.

Initially, it may be incorporated by some other packaging technology such as flip chip or

_BGA.

VII. Plastic Packaging (PEMs)

Most MEMS designs either have moving parts or do not allow for intimate contact

of an encapsulating material such as in a traditional plastic package. Furthermore, plastic

packages have not gained wide acceptance in the field of space applications. However,

there are many semiconductor designs that are beginning to be flown in space

applications. Programs such as Commercial of the Shelf (COTS) which include Plastic

Encapsulated Microelectronics (PEMs) are gaining wide acceptance. It is therefore

important to outline the basic issues in PEMs for MEMS applications.

Studies have shown that during the high-temperature soldering process

encountered while mounting packaged semiconductor devices on circuit boards, moisture

present in a plastic package can vaporize and exert stress on the package. This stress

causes the package to crack and also causes delamination between the mold compound

and the lead frame or die. This phenomenon is often referred to as 'popcorn' cracking.

These effects are most pronounced if the package has greater than 0.23% absorbed

moisture before solder reflow.[13] Figure 8-13 shows a typical example of a package
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crack. The mismatch in thermal expansion coefficients of the package's components also

induces stresses, ff these combined stresses are greater than the fracture strength of the

plastic, cracks will develop. The cracks can provide a path for ionic contaminants to

reach the die surface, and/or die delamination can cause wire-bond failure. Hence, these

are reliability concerns.

GOLD BOND WIRE _ / DIE / MOLD COMPOUND

i ...... / ,._...._ , \ /,E,,Ds

Figure 8-13: Typical plastic package showing the onset of a crack.

JEDEC defines five classes for moisture resistance of plastic packages and

sensitivity to 'popcorning'. Class 1 is defined as unlimited exposure to moisture and the

package will still not exhibit delamination during the surface mount operation. Class 5

can tolerate minimal exposure to moisture before it needs to be dried (by baking in an

oven set at -125°C for a duration of 8 to 24 hours depending on the package). Classes 2

through 4 are defined as somewhere in between the extremes. Most commercial packages
are classified as class 3 moisture resistant.

To overcome the delamination problem, results derived from numerical

simulation and experimental data can serve as a guide in the selection of suitable molding

compound properties.[ 14] The properties considered are the adhesion strength, S, and the

coefficient of thermal expansion, a. These results are summarized in Figure 8-14.
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Figure 8-14: Mold compound properties.
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The amountof moisturea particularpackagedesigncantakeup prior to delamination
andcatastrophicpopcorningcanbeempirically determinedasshownin Figure 8-15. As can
beseen,ahigh moistureenvironment(aswell ashightemperature)greatlyreducesthe amount
of time onaproductionfloor prior to thesurfacemountoperation.
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Figure 8-15: Moisture weight gain of a plastic package exposed to two different moisture conditions.

Also, it has been shown that polyimide die overcoat, or PIX, can reduce the percent of

die or pad delamination by up to 30% on parts subjected to temperature cycling.[13,15] This

PIX coating can mechanically support air bridges during plastic encapsulation, provide a more

uniform electrical environment for the die, and provide protection to the surface of the die.

Figure 8-16 shows cross sections of three PIX-treated dies. It has been reported that the PIX

shown in Figure 8-16(a) yields the best improvement in reliability.[ 13] The P1Xs shown in 8-

16(b) and (c) are not as desirable, because, respectively, they cause wirebond stress and do not

protect the die surface.

PACKAGE FRAME

PACKAGE FRAME

_////////////////////,////////_
PACKAGE FRAME

Figure 8-16: Polyi_de die overcoat (PIX) on MEMS die: (a) P1X on MEMS top surface only, (b)

PIX on MEMS and package frame, and (c) PIX on package frame and sides of MEMS only.
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The last mechanismsby which a chip can fail in a plasticpackagearecausedby
bond-wiresweepandlift-off, which in turn arecausedby theviscousflow of the molten
plastic mold compound. The viscosityof the molten plastic is a function of the filler
particlesizeand concentration.Figure 8-17 showsthe typical geometriesof wire bonds
with different die settings. Studies[16]show that of the threewire bonds,the one with
theraiseddie experiencesthelargestmaximumdisplacement.Further,theraiseddie and
the downsetdie experiencemaximum stressat the ball bonds. In thesecases,plastic
deformationof the ball bondsis a major causeof failure. In contrast,the wire bond for
thedouble-downsetdie suffersonly elasticdeformation. Thus,thedoubledownsetis the
recommendeddevicelayoutto minimize bondwire sweep.

_///////////////////////////////7/'/'._2222222,_2,_

_'/////////////////////_

;//////_

Figure 8-17: Typical geometry of wire bond with different die settings: (a) raised, (b) downset, (c)
double downset.
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Chapter 9: Test Structures

B. Stark

As previously mentioned, there is a serious debate within the MEMS community

about the materials properties of thin films. Accurate knowledge of these properties is

critical for assessing the long-term reliability of MEMS devices. In order to measure thin

film properties and make these basic assessments, test structures are needed. Test

structures are, in their simplest sense, sensors. Instead of sensing external forces they

sense the environment they are exposed to. Most fabrication facilities utilize test

structures on their production line to assess the quality of their process.

In order to ensure reliable operation, test structures that characterize both the

process and materials used to manufacture devices must be made concurrently. It is the

analysis of these test structures that will enable systems engineers to incorporate MEMS

into their designs with a high degree of confidence in their reliability. This chapter

describes some of the basic test structures used and their implications.

I. Technology Characterization Vehicle

A technology characterization vehicle, or TCV, is a structure that is used to

evaluate the effects of specific failure mechanisms on a technology. Typically the devices

used in TCVs will be derived from a standard library of device elements. This library

might include cantilever beams, membranes, and other structures that are used commonly

in MEMS technology.

Technology characterization vehicles will be subjected to a given test in order to

predict failure from particular failure mechanisms. These structures should be used to

determine an estimate of the mean-time-to-failure and failure probability models. The use

of these devices is a critical part of the qualification process, as they provide a wealth of

knowledge about the reliability of structures. TCVs should be packaged and handled

exactly the same as other MEMS so that the information that they provide is as accurate

as possible.

II. Standard Evaluation Devices

A standard evaluation device, or SED, is similar to a TCV except that an SED is

not constructed out of typical design elements, but is instead constructed out of actual

sensor and actuator structures. Usually the SED is a less complicated version of a

completed device and provides reliability information about the performance of devices

instead of structures. In a good quality control process, the parameters measured in

different SEDs will be compared across wafers and lots to determine reliability
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characteristicsof productionruns. As in TCVs, SEDs shouldbe treatedin the same
fashionasafully functionaldevice.

III. Parametric Monitors

Parametric Monitors, or PMs, are used as a method to measure the properties of

the materials used in MEMS devices. Unlike TCVs and SEDs, a PM is designed solely as

a test structure and is not just a part of a pre-existing design. While PMs have long been

used in the electronics industry, their use for the measurement of the mechanical

properties of materials is relatively new. For this reason, several basic structures will be

described in the following section to illustrate the recent developments in this field.

As with other test structures, the data collected from PMs will be compared across

production runs to examine the effects of processing conditions on material properties.

A. Beam Stubs

Many processes include the dimensions of thin film layers in their design

specifications. A typical surface micromachining process might state that the poly 2 layer

is 3 microns thick and that the oxide layers are all 2 microns thick. In order to verify the

actual dimensions of the process run, beam stubs are employed. Beam stubs are simply

short cantilever beams with open cross sections. Usually an engineer will examine these

beams to guarantee that the internal composition of each process is what it was supposed

to be. This is a simple procedure performed with a scanning electron microscope.

Measuring the internal composition of beams stubs allows the determination of the
moment of inertia and mass of structural beams.

Figure 9-1: A row of beam stubs. (from JPL)
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B. Elastic Measurements

In order to optimize MEMS designs, the elastic properties of materials must be

known. To make these measurements, several established techniques are used.

i) Bending Beam Method

L . Nanoindenter

_t ___ _-_. _ [ _, _ IF h,Y ,_ .

Figure 9-2: Bending beam method. (from [126])

One method of measuring Young's modulus employs static loading of a cantilever

beam. A nanoindenter is applied to one end of a beam and the force-displacement curve
is measured. For a small deflection, Young's modulus can be obtained as :

E = _FL3 (9-1)

3yl

where the dimensions are labeled in Figure 9-2. This method can also be used to measure

the modulus of thin films on multilayered beams that have residual stress. The modulus

of a thin film, Ef, can be related to the modulus of a structural material, Es, for tf << ts:

(9-2)

where:

Fo = the force required to displace an uncoated beam do

AF = (the force required to displace a coated beam do) - F0

i A common alternative to this equatio n attempts to linearize the nonlinear factors in Equations (9-1) and (9-

2). This method defines E'=E/I-v 2 .[40]
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This method is only effective for films with little to no residual stress.

Furthermore, this technique, due to the cubic powers in Equation 9-1, is critically limited

by the ability to accurately measure the dimensions of the beam. [ 126]

Figure 9-3: Resonant beam array.

ii) Resonant Beam Structures

Resonant beams are structures designed to measure the stiffness of beams.

Equation 6-8 described the resonant frequency of beams as:

(6-8)

This equation shows that measuring COoand rr_ff will give k. The dimensions of a beam

can be measured using beam stubs. Multiplying these dimensions by published densities

will determine the mass of these beams. The resonant frequency is usually measured

either internally through parallel plate capacitors or externally by a laser vibrometer.

Once these values have been measured, it is fairly simple to extract Young's modulus

from the equations in Section 6-1. For a cantilever beam, Young's modulus is:

E= "92c°Jml3
a3b (9-3)

Another structure used to measure Young's modulus is a lateral comb drive

resonator. This structure is useful for measuring the properties of LPCVD deposited

polysilicon and has the desirable property that dampening at atmospheric pressure is
extremely low.
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Figure 9-4: Layout of comb-drive resonator.

For these structures, the resonant frequency is related to Young's modulus by:

[24]

ff 2 Eba 3COo= L3(Mp +.03714M)

(9-4)

where Mp and M are the respective masses of the plate and the beams.

Typically resonant beams are used to measure Young's modulus and to compare it

against published values. Since the values of Young's modulus differ across process

lines, it is useful to have made measurements on the same wafer as actual devices. One

drawback of this device is that plate mass is difficult to measure accurately.

C. Stress/Strain Gauges

With residual stress having been established as a serious reliability concern, there

has been a serious push for devices capable of measuring residual stress in MEMS. There

are a number of methods to measure internal stress, all of which have varying degrees of

usefulness and precision. This section will examine some of the more common methods

for measuring stress.

i) Bent Beam Strain Sensors

Bent beam strain sensors are common devices used in measuring internal strain in

a device. Initially described by Gianchandani and Najafi in 1996, these devices are

popular strain gages due to the fact that they can measure both compressive and tensile
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stresses. Shown in Figure 9-5, these structures are constructed of two built-in beams
connected to cantilever beams.

Figure 9-5: Stress/strain gauge. The two marked stubs were aligned
prior to release.

The cantilevers are covered with a vernier scale. Upon release from the substrate, these

structures will shift position due to internal stresses. By measuring the deflection of the

teeth of the vernier, it is possible to extract stress measurements. This can be done with a

computer through finite element analysis, but an excellent analytical approximation of

this model is given by:[30]

E (AL, + FL _
o',.,

(9-5)

where

F = load applied to beam by internal stress

L = distance indicated in Figure 9-5

L' = the difference between the actual length of the beam and L, which is equal to

2- 2 _x dx (9-6a)
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When solved, L' becomes:

where

L'= (tan(0a))2 [2H + kL- kLH 2 + sinh(kL)- 2H cosh(kL) + H z cosh(kL)]in
4k

tension and

W ( [ __'tan_'OaH2[26 + kL + kLa 2 + sin(kL)- 2Gcos(kL) -G 2 sin(kL) l'
4k

in compression

(9-6b)

(9-6c)

G = tan(kid4)

H = tanh(kL/4)

k=IF E1

The displacement y is related to k, and thus L' by the relationship

= 2 tan(0") tanh(_) (9-7)YTension k

Ycompression = 2 tan(Oa)tan(kL 1k -T (9-8)

These structures are limited in resolution by the minimum feature size of a

technology. While these limitations are usually small, they could be a serious problem on

some larger technologies, such as LIGA. Out-of-plane displacements caused by stress

gradients and non-uniform beam thickness can inhibit device sensitivity. Ultimately these

devices will have difficulty being accurate below 10 MPa. [30]

ii) Cantilever Beams

Cantilever beams are commonly used as a simple way to measure internal stress.

Since most technologies utilize cantilever beams, it is a relatively simple step to place
extra cantilever beams onto a device for stress measurement. One method uses cantilever

beam deflection to measure stress. Since most stresses on these devices causes non-

planar displacement, a system that can measure z-axis deflection can measure stress.

With a multitude of laser interferometery systems now available to measure surface

topology, these measurements are easy to make both quickly and accurately.
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Since internal stressis rarely uniform, but is instead a function of material

thickness, many researchers are interested in the stress gradient within a material. The

stress gradient is calculated by looking at the change in stress over the change over film

thickness. For a cantilever beam, the stress gradient can be analytically approximated by:

do- = 2yE (9-9)
dt (1 - v)l 2

where

y = non-planar deflection of the cantilever tip

t = thickness of the film

1 = length of the cantilever

While this equation assumes a linearly varying stress field, this is not an

unrealistic assumption. Although this equation does not take into account many of the

irregularities considered in a finite element analysis, it does offer a good order of
magnitude calculation for the stress field within thin films.

iii) Buckling Beam Structures

Many test structures take advantage of buckling behavior in beams to measure

stresses. The stress needed to buckle a doubly clamped beam is defined as:

z2h2E (9-10)

°-b- 3L 2

where

h = beam thickness

L = beam length

As such, for structural beams, buckling is a function of stress levels. Designers

have used this fact in creating arrays of these beams. Each beam in the array has different

dimensions, with a corresponding buckling stress. By examining the beams after release

it is possible to measure stress by observing the beam with the largest _b that buckled.

This technique is a very accurate way of measuring compressive stresses in beams. With

longer beams having a %<1 MPa, these arrays can be quite sensitive.
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For tensile stresses,anothersetof test structurescalled GuckelRings, hasbeen
developedto utilize buckling in measuringstresses. GuckelRingsarealsousedin arrays
andthecritical bucklingloadis definedby:[ 130,138]

_2h2 E

orb - 12g(R)R 2 (9-11)

where

R = ring radius

g(R) = a function of inner and outer ring radius < 0.918

iv) Substrate Analysis

One method to measure stress in thin films does not use actual test structures as

they are commonly known. Instead this technique uses substrate deformation to measure

stress. This is done by measuring the radius of curvature of the substrate before and after

deposition of a thin film. Then the Stoney equation can relate these measurements to the

residual stress:[139, 140]

O" r

E( 2 (1 16(1-v)t R o R I
(9-12)

where

Ro, Rf = initial and final radii

t - thin film thickness

ts = wafer thickness

This method provides good residual stress measurements down to about 10 MPa.

Below this level, boundary conditions and gravity affect measurement accuracy. The

major limitation of this method is that it does not provide direct measurement of stresses

in finished devices.
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D. Undercut Squares

Another area of concern in MEMS is the width of an isotropic undercut etch.

These etches are critical to releasing structures, and many researchers are interested in

determining how thick of a structure can be undercut. The simplest way to make a test

structure to measure this is to create an array of squares. The squares vary in size from a

dimension that clearly can be undercut to a dimension that clearly cannot be undercut.

After release, the structures that have been fully undercut will be separated from the
substrate, while the structures that have not will still be intact.

IV. Fracture Specimens

The most common method used to measure fracture strength is to place a static

load on a cantilever beam. This technique is similar to static elastic property

measurements, with larger loads and deflections.

Another method reported by Tsuchiya et al.[127] involves a tensile tester for thin

films that holds samples electrostatically. This method requires that the tester is placed

into a SEM to measure displacement, as shown in Figure 9-6.

Tensi_
force

Figure 9-6: Tensile tester reported by Tsuchiya et al. (from [127])
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A less complicatedmethod describedby Greek et al. is to use a probe tip
connectedto a thin beam. By applyinga force to the probe, it is possibleto measure
fracturestress.[128,129]

Testing

probe

Figure 9-7: Tensile tester reported by Greek et ai. (from [128])

A. Thermal Properties Measurements

The thermal properties of MEMS are important for a number of applications. It is

important to accurately know the linear expansion coefficient and the thermal

conductivity for certain devices. There are several methods to do this.

i) Cantilever Beam Method

A cantilever beam can be used to measure the linear coefficient of expansion. By

measuring the change in curvature, A(dy/dx), for a given change in temperature, it is

possible to determine the linear coefficient of expansion of a thin film material, c_f:[ 131 ]

A__x (AT) = .(a/C_,)AT (9-13)

where

as = the coefficient of expansion of the substrate (a well-known value)

C- Est_ II+tI +4EItll

6E1t I _, ts Est s )

ii) Thin Film Heater

One popular method for measuring the thermal conductivity of a film employs a

thin film heater attached to the free end of a cantilever beam. The temperature gradient

between the heater and the fixed end of the cantilever can be determined via a row of

thermocouples, as shown in Figure 9-8.[ 129,132,133]
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thin film
thin film T-sensors heater

where

Si

Figure 9-8: Layout of thin film heater with thermocouples. (from [129])

The thermal conductivity for one of these devices is calculated as:

P
k=m

A_dT" I

_,dx)

P = applied thermal power

A = the area normal to the heat flow

(9-14)

iii) Microbridge

Another method to measure thermal conductivity involves a microbridge. The

bridge is doped less in the center so that it has a greater resistance. Then a current heats

up the bridge and the I-V curve is measured to determine the thermal conductivity:[129,

134]

k(T)- I dP (9-15)
wt dTc

where w, t, and Tc are defined in Figure 9-9.
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h_h doped

Figure 9-9: Layout of a microbridge. (from [129])

V. Additional Reading

E. Obermeier, "Mechanical and Thermophysical Properties of Thin Film Materials for

MEMS: Techniques and Devices" Materials Research Society Symposium Proceedings,

Vol. 444.

203





Chapter 10: Qualification Testing Protocols for MEMS

B. Stark and S. Kayali

This guideline has offered detailed physical analysis of the distinct parts and

materials used to manufacture a MEMS device. In this chapter, all the information

presented will be tied together through the common thread of space qualification. It must

be primarily understood that this guideline is not, and was never intended to be, a rigid set

of specifications. It is instead a recommendation of qualification methods. Clearly with

the vast array of devices used in the industry, it would be difficult to qualify the

individual tests needed on a given device.

The proper use of this guide requires referencing to all the chapters. The specifics

of qualifying a device depend upon the specifics of the process, materials, and structures

in a device. The reason that specific standards were not set for MEMS in space is that

many people within the electronics community have complained that these standards limit

their device development and do not recognize that some tests on some devices are

unnecessary. A further problem with standards is that they often do not take into account

mission requirements. It is the ultimate job of the mission designers to determine the

thermal ranges and radiation levels expected during the mission. To set these ahead of

time, without this foreknowledge, can require expensive overdesigning of parts on short

term missions and be too lenient on parts used on longer missions.

In order to improve reliability, qualification should begin as early as possible.

History has shown that the reliability of a device will fluctuate over its development cycle

as shown in Figure 10-1.
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The initial low reliability of prototypescanbe attributedto a myriad of causes
from design flaws to manufacturing process problems, with a number of other
environmentalandhandlingissueshavingan impact. After this initial period, reliability
improves from refinements in device manufactureand from the identification and
eradicationof predominantfailure modes.Onceadeviceis placedinto production,there
is a regressionof reliability stemmingfrom the compromisesmadeto transfera device
from researchproductionto a full scalemanufacturingline. With eventualimprovements
in productionprocessing,reliability shouldapproachthepotentialdevicereliability.

5

r..)

©

PREDICTED OR

POTENTIAL

RELIABILITY

RELIABILITY

GROWTH DURING

DEVELOPMENT

RELIABILITY

GROWTH DURING

PRODUCTION

RELIABILITY OF

INITIAL

PROTOTYPE

RELIABILITY OF

INITIAL

PRODUCTION

DEVICE DEVELOPMENT

Figure 10-1: Reliability over the development cycle.

These reliability fluctuations from design to production can be minimized by

incorporating statistical process control methodologies into device fabrication and by

performing life-testing. This step will force reliability improvements to coincide with

device production and will ultimately lead to a more reliable device that can be brought to

market much quicker than would be otherwise expected. As such, this chapter provides

the methods necessary to both limit this reliability swing during device development and

to improve long term device reliability.

There is a four-step procedure followed by most satellite manufacturers which

includes some practices recommended by Qualified Manufacturers Listing, or QML,

programs. These steps of Process Qualification, Product Qualification, Product
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Acceptance,and Company Certification, are summarized in Figure 10-2. Process
Qualificationconcernsaprocedurethe manufacturersshouldfollow to assurethequality,
uniformity, and reproducibility of MEMS from a specific fabricationprocess. Product
Qualification encompassesa set of simulations and measurementsto establish the
mechanical,electrical, thermal, and reliability characteristicsof a particular device.
ProductAcceptanceis a seriesof testsperformedon the deliverabledevice that are
designedto ensurethat a part meetsthe programrequirementsand to provide specific
reliability information pertinentto that product. CompanyCertification focuseson the
proceduresandmanagementcontrolsthat a manufacturershouldhavein placeto assure
thequalityof theirMEMS devices.
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-RECORD
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-INVENTORY
CONTROL

-STATISTICAL
PROCESS

CONTROL

Figure 10-2: Recommended qualification methodology.

Before these four steps are presented in any detail, one important aspect of MEMS

qualification must be addressed. Although the manufacturer is ultimately responsible for

delivering a reliable MEMS, the overall system reliability is the domain of the MEMS

Company Certification is a process that may only be possible in mature industries. Given the paucity of

MEMS foundries, it is uncertain if Company Certification is realizable. For this reason it is suggested, but

certainly not required that Company Certification be performed.
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user. For this reason,it is in the interest of both parties to understand the expected

performance requirements of both the MEMS and the system into which it will be
inserted.

I. Process Qualification

Manufacturers who have standardized their production to a single technology will

often try to qualify their entire production line. Through this process, the manufacturer

attempts to show that its entire production line is under control and operating efficiently.

Furthermore, this process enables the manufacturer to establish an electromechanical

baseline to use in measuring performance and reliability for all products coming off the

line. The benefits of this process are twofold. The manufacturer saves costs and time in

the development of future devices, since the reliability and performance characteristics of

the constituent parts of a device will have already been established. The user gains both

the comfort of procuring parts from an established line with a history of producing

qualified parts and the cost savings inherent to a reduced qualification time.

The procedure of qualifying a production line is called process qualification. This

is generally defined as the set of procedures that a manufacturer follows to demonstrate

that they have control of the entire process of designing and fabricating a MEMS device

using a specific process, which will usually be one of the processes listed in Chapter 5.

This act addresses all aspects of production, including the acceptance of starting

materials, documentation of procedures, implementation of handling procedures, and the

establishment of lifetime and failure data for devices fabricated with the process. Since

the goal of process qualification is to provide assurance that a particular process is under

control and known to produce reliable parts, it needs to be performed only once, although

a routine monitoring of the production line is standard. It is important to understand that

only the process and basic structures are being qualified and that no reliability

information is obtained for a particular MEMS design.

Although process qualification is intended to qualify a defined fabrication

procedure and device family, it must be recognized that MEMS technology is evolving at

an astounding rate, which requires the continual updating of fabrication procedures.

Furthermore, minor changes in the fabrication process to account for environmental

variations, incoming material variations, continuous process improvement, or minor

design modifications may be required. All of these changes are permitted and frequently

occur under the direction of the TRB. Thus, maintaining the status quo does not

guarantee maintaining qualification.
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Figure 10-3: MEMS process qualification steps.

The internal documents and procedures used by most manufacturers are

summarized in Figure 10-3. In addition to this, the QML program provides guidelines for

process qualification. The first step in this procedure is to determine the family of

devices to be fabricated and the technology that will be used in the fabrication. After this,

the manufacturer will establish a TRB to control the process qualification procedure.

After the processing steps have been defined and documented, the workmanship,

management procedures, material tracking procedures, and design procedures should be
documented. The information contained in the documentation described the process

domain that is being qualified.
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Figure 10-4: MEMS process reliability evaluation.

The qualification process also involves a series of tests designed to characterize

the technology being qualified. This includes the properties and the reliability

characteristics of components being fabricated on the line. Some of these tests are

performed at wafer level, while other tests require the mounting of structures onto

carriers. All of these tests and the applicable procedures are an integral part of the

qualification program and provide valuable reliability and performance data at various

stages of the manufacturing process. Figure 10-4 outlines a recommended series of tests

for MEMS process reliability evaluation. The number of devices subjected to each test

will normally be determined by the TRB and the rationale for their decision will become
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part of the processqualificationdocumentation. Clearly a higher level of confidence
exists if morestructuresaretested,but this must bebalancedby the understandingthat,
afteracertainpoint, the incrementalgainin confidenceis morethanoffsetby theincrease
in costrelatedto thetesting. Sincethestabilityof theprocessisbeingdeterminedaspart
of theprocessqualification,themanufacturerwill typically fabricateandtestcomponents
from severalwafer lots. Figure 10-5providesa seriesof teststhat are recommendedto
characterizethe electromechanicallimitations of devices. The performancelimitations
obtainedfrom thesetestsoften becomethe basisfor limits incorporatedinto the design
andlayoutrules.

One of the aspects of the processes qualification procedure to note is that the

procedure is QML-like and therefore addresses topics similar to those of company

certification. The major difference between the two is that company certification is

performed by the customer, whereas process qualification is self-imposed by the

manufacturer, often before customers are identified. Items particular to process

qualifications are described below.

A. Process Step Development

Although the Company Certification process is also fundamental to the process

qualification procedure, the actual task of turning a bare wafer into a processed device is

often the only task associated with process qualification. While process qualification is

actually more involved, processing is the most critical step in process qualification and

requires the most time and resources to develop, In addition to this, it is important to

recognize that the fabrication procedures and devices processed on the line are the factors

that separate one process from another. The first step towards process qualification is the

documentation of all the steps necessary to produce a MEMS device. Although all of the

steps in the fabrication process should be documented, the details are typically considered

proprietary by the manufacturer. Therefore the MEMS customer can expect to see a

generalized process flow, but not a detailed account of each step necessary to reproduce a

given product on another line.
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B. Wafer Fabrication Documentation

Once a process is qualified, reliability concerns may still arise from minor

variations in the process flow, environment, or starting materials. For this reason, all

wafer fabrication steps and conditions should be recorded by the manufacturer to maintain

the repeatability of the product. Documentation of these steps and fabrication conditions

should be maintained to trace any future quality or reliability concerns to a specific step.

Although process travelers can be used to document the fabrication and manufacturing

steps, they usually lack the detail necessary to trace quality or reliability problems to

specific fabrication steps. The wafer fabrication steps themselves and the documentation

describing them are usually considered proprietary by the manufacturer.

C. Parametric Monitors

Parametric monitors are essential for monitoring a production line's quality or

continuous improvement. PMs were fully described in Chapter 8; they are mentioned

here only to emphasize the fact that the choice of the test structures is dependent on the

process and technology being monitored. Therefore, this choice is a critical element in

the process qualification procedure. The complete list of parametric monitors is usually

combined into a single list that is included on all wafers. The data obtained from the test

structures will be normally stored in a database that permits the quick comparison of each

wafer fabricated on the line to all of the other wafers. This permits determination of the

process stability.

D. Design-Rule and Model Development

The reliability of MEMS fabricated on a qualified process will greatly depend on

whether or not they are fabricated from qualified structures according to prescribed rules.

In addition to this, the standardization of the structures brings a certain degree of cost

reduction. For this reason, part of the process qualification procedure is to determine and

document design rules that are specific to the process. Typical information included will

be the minimum feature size, maximum etch hole separation, thickness of thin film

materials, required overlap in layers, depth of dry etching. While individual processes

will compile their own design rules, the list must contain all information necessary to

produce a working device. In addition to this information, manufacturers should compile

information on the properties of all the materials in the process. Information such as

Young's modulus, fracture strength, intrinsic resistivity, stray stress, and thermal

characteristics, should be maintained by the manufacturer.

To use standard components in MEMS designs, models must be developed.

Although some commercial packages may include models, they need to be altered to fit

measured characteristics. Once standardized models are constructed, the chances of

design success are greatly increased.
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E. Wafer Level Tests

The semiconductor industry strives to reduce production costs by shifting as much

testing as possible to the earliest possible point in the production cycle in order to weed

out bad wafer lots before more time, and thus money, has been spent on them. The best

strategy performs wafer level tests that includes electromechanical characterization, test

structure characterization, and environmental performance. Limitations may exist in the

level of test detail depending upon the device design and the manufacturer's test

capabilities. In general, wafer-level tests are performed, but they must be supplemented

with other verifications, such as test fixture or in-package tests. Once agreement between

the wafer-level and the package-level tests has been established, the manufacturer may

rely on the wafer-level tests for production monitoring.

F. TCV and SED Tests

One of the most important steps in the process-qualification procedure is to

determine the electromechanical, environmental, and reliability characteristics of devices

fabricated within the domain of the process. This data is obtained through the

characterization of TCV and SEDs, as shown in Figures 10-5 and 10-6. All data gathered

from these tests should be stored by the TRB. In most cases, the success of a

manufacturer in the qualifying process will depend on the data from these tests.

G. Starting Materials Control

The manufacturer should have a mechanism to assure the quality and

characteristics of every starting material, from the wafers and chemicals used in the

processing steps to the shipping containers used for die/wafer transportation and storage,

since they all have a direct impact on the quality and reliability of the final product.

Analyses of the chemicals and gases used in processing devices is normally performed by

the device manufacturer or the supplier of the chemicals. Traceability and documentation

of the characterization results to the individual wafer process lot is essential in resolving

any process variation or concerns. The facility audit program can be the vehicle used to
determine the manufacturer's level of control.

Most device manufacturers procure wafers from outside suppliers. Procurement

requirements imposed by the device manufacturer identify the dislocation density, type of

starting material, resistivity, crystalline orientation, and other characteristics that are

important to the user. This information can help determine the suitability of the starting

material to the process and the material's capabilities. The traceability and

documentation of the procurement requirements and wafer characterization can be used to

resolve any process variation concerns. Wai'er preparation steps, such as initial surface

cleaning, can also alter device characteristics and are an important aspect of process
control.
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Integralto the completeprocessflow is the maskpreparationand the methodof
identifying changesto themasksets.Therepeatabilityandqualityof themasksshouldbe
assessedanddocumentedprior to initiation of thefabricationprocess.

H. Electrostatic Discharge Characterization and Sensitivity

If not handled properly, several elements used in MEMS can be damaged by ESD.

Therefore, every process and design should be characterized to determine ESD sensitivity.

Regardless of these results, all MEMS devices should bg treated as sensitiv.e t0 ESD

damage. An ESD handling and training program is essential to maintain a low level-of

ESD-attributed failures.

Inspection, test, and packaging of MEMS should be carried out in a static-free

environment to assure that delivered products are free of damage. Devices should be

packaged in conductive carriers and delivered in static-free bags. All handling and

inspection should be performed in areas meeting "Class 1" handling requirements. Both

the manufacturer and the user share the responsibility of assuring that an adequate

procedure is in place for protection against ESD.

In general, the following steps can help reduce or eliminate ESD problems in device

manufacturing and test areas:

• Ensure that all workstations are static free.

• Handle devices only at static free workstations.

• Implement ESD training for all operators.

• Control relative humidity to within 40 to 60%.

• Transport all devices in static-free containers.

• Ground yourself before handling devices.

II. Product Qualification

Product qualification is the process by which a manufacturer proves that a given

device performs its specified task as required by the consumer. To do this, a

manufacturer must test a device under a wide range of conditions and collect data proving

that the device performed adequately. Every MEMS device, before it is introduced into

the market, needs to pass _duct qualification. Since the process is device specific, even

products developed on qualified lines need to go through product qualification. Figure

10-6 shows a product qualification procedure that addresses issues critical to MEMS.

Although the exact sequence of tests is not critical, it is recommended that the first two

tests, design and performance verification, are conducted first, since unacceptable

performance at this stage will require redesign. Ultimately the exact tests conducted will

depend upon the device being tested, which makes it the job of the manufacturer and end-
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user to determinewhat testsarenecessary.However,the next severalsectionsdescribe
recommendedstepsthatwill becommonto mostMEMS qualificationefforts.

A. MEMS Design and Layout Verification

One of the best ways to reduce MEMS engineering cost and improve reliability is

to verify the design and layout of the device before fabrication. This is usually done by

design reviews conducted both internally and externally by the customer. Commonly this

involves structural analysis of all the mechanical subcomponents of the device. With

Chapter 6 offering a solid introduction to the mechanical limits of specific structures, it

should be evident that the entire device needs to be analyzed to insure that there are no

parts experiencing stress over the fracture limits and that there are no unstable device

configurations. This analysis should also lead to the development of a structural safety

factor, fs:

f_ = actual stress (10-1)
maximum allowable stress

This analysis will determine a confidence level for a device based upon its design.

Clearly, the higher the factor of safety, the better a part is suited for high-rel applications.

However, a high factor of safety often impedes both device cost and performance.

Ultimately it is up to the user to determine what safety margins are acceptable. Typically

the verification process involves representatives from different departments working

together to make sure that both the theoretical design and the actual on-chip

implementation are sound. These reviews should be conducted after design, after layout,

but before mask making, and after final MEMS characterization.

B. Electromechanical Performance Verification

After a device has been fabricated, but before any of the expensive qualification

tests have been conducted, it is recommended that a basic performance evaluation is

conducted. This involves taking a device and subjecting it to normal operating

conditions. The output should be measured and compared with expected values. If the

device cannot operate as expected, then there is no need for further evaluation of it. Upon

passing these basic tests, more extensive tests can be conducted.

C. Thermal Analysis

Thermal analysis is an important part of determining the expected lifetime of any

ASIC sub-components of a MEMS device. Since electronic components' expected

lifetime is exponentially related to temperature, it is important to look for any hot spots on

a device that could significantly impinge device lifetime. This can be done analytically

through the equations of thermodynamics, but it is more often done through external

examination. This test needs to be conducted over the operating range of the device. For
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structuralcomponents,this test can revealareasof high stress,asthere is a mechanical
dissipationof stressthroughheat. It is alsoimportantto perform this test in thermally
activateddevices.

D. ESD Sensitivity Tests

It is quite conceivable that some MEMS devices will be sensitive to ESD damage,

and therefore the ESD characterization given in reference [38] should be conducted to

determine the sensitivity of the design. While literature on ESD and MEMS is essentially

nonexistent, certain electrostatic components of MEMS would appear to be susceptible to

ESD. Until more tests are conducted on the ESD sensitivity of MEMS, these devices

should be treated as "Class 1" devices.

E. Voltage Ramp

The sensitivity of a MEMS device to voltage overstress and the absolute

maximum voltage ratings are determined during the voltage ramp test. Testing is

normally done by ramping the power supply until a catastrophic failure occurs. Ramp

rates and step duration are a function of the design limitations, but the test should allow

the device to stabilize at each step. After the test, an analysis is recommended to

determine the exact failure site. Failure-point definition should be in conservative

agreement with the device data sheet and design limits

F. Temperature Ramp

A temperature ramp is a useful test to run on a device slated for space insertion.

This involves ramping temperature up and down from ambient until failure or severe

output degradation occurs. The duration of the individual steps may vary, but they should

be long enough to insure that the device reaches thermal equilibrium. This will allow a
determination of the allowable operating limits of the device, keeping in mind that high

temperature operation can significantly weaken the lifetime of electrical subsystems and

is not recommended, even if it is possible. As with voltage ramping, failure analysis is

recommended after the test and failure points should be in conservative agreement with

the device data sheet and design limits.

III. Product Acceptance

MEMS that are designed by qualified engineers, fabricated on process qualified

lines, and verified to meet design goals may still exhibit poor reliability characteristics.

This can be due to a myriad of reasons including variations in the fabrication process,

undetected materials flaws, and packaging induced stress. No matter what the actual

cause, these devices must be screened out before they are integrated into high-rel systems.

For this reason, manufacturers of all high-tel systems require devices to pass a series of

product acceptance tests, in order to increase the confidence in device reliability. It is this
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stepin the qualificationprocessthat is significantly different for spacequalified MEMS
asopposedto commercialgradedevices.

Thelevel of testingperformedduringproductacceptanceis a function of theform
of the deliverable. For example, the first level of acceptancetesting, called "wafer
acceptancetest" is performedat thewafer level to assuretheuniformity andreliability of
thefabricationprocessthrougha wafer to wafercomparison.The lot acceptancetestfor
die is asecondlevel testthat providesfurtherreliability information,but only on asample
of MEMS, due to the difficulty in performing full characterizationon unpackaged
devices.It is usedif theMEMS userhasrequestedtheMEMS to bedeliveredin die form
for integrationinto a largermodule. This sampletestingwill provide theuserwith only
an estimateof devicereliability, with no knowledgeof the impactpackagingwill have
uponfinal devicereliability. If packagedpartsarerequestedinstead,a full screeningcan
beperformedandtheusershouldhavetheassurancethatthedeliveredpartsarereliable.
Theacceptancetestingprocedureis summarizedin Figure 10-6.

The recommendedproductacceptancetest for die deliverableis shownin Figure
10-7. Note thattherearethreelevelsof testingwithin theprocedureandeachstartswith
thewaferacceptancetestshownin Figure 10-8.Thelowestlevel of testingis requiredfor
MEMS that have alreadybeen product qualified and have been manufacturedon a
qualified processline, whereasthe highestlevel of testing is requiredfor a new circuit
designthatis processedonanunqualifiedline. Whicheverlevel of testingis required,the
same level of reliability assuranceshould be grantedto the MEMS device upon
completionof the lot acceptancetest. The cost and time advantageof buying MEMS
from manufacturerswith qualified processesandvalidatedcircuit designshouldbe both
selfevidentandsubstantial.
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It is assumed either that a product acceptance of die deliverables is performed on

the devices before they are inserted into the packaging process or that a subgroup of the

parts can be removed from the packaged parts and life testing performed on them in a way
similar to that recommended for the die deliverables Thus, this screen adds further

reliability information to the data obtained from the wafer and lot acceptance tests. 100%

of the packaged MEMS devices are recommended to be screened using the packaged
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partsscreen. It mustbe understoodthat this is only a recommendedscreenand not all
testswill benecessaryfor all devices.

Table 10-1 showsthe recommendedscreeningteststhat canbe usedfor MEMS
packageddevicesand the referencefor the screen. This information is modified from
MIL-PRF-38534ClassK requirements and should be applied after careful consideration

of the applicability and mission requirements. It should be kept in mind that these tests

are designed for microelectronic circuits and may need to be modified for specific

applications of MEMS.

Tesl Reference

Nondestructive bond pull

Internal visual inspection

IR-scan (prior to seal) 1

MIL-STD-883, Method 2023

MIL-STD-883, Method 2017

JEDEC Document JES2 [39]

Mechanical Shock MIL-STD-883, Method 2002

Constant Acceleration MIL-STD-883, Method 2001

Temperature cycling

Thermal shock

MIL-STD-883, Method 1010

MIL-STD-883, Method 1011

Particle impact noise detection MIL-STD-883, Method 2020
Electrical

Burn-in

Electrical (high/low) temp
Fine leak

Gross leak

Radiographic
External visual

Customer's specifications

MIL-STD-883, Method 1015

Customer's specifications

MIL-STD-883, Method 1014

MIL-STD-883, Method 1014

MIL-STD-883, Method 2012

MIL-STD-883, Method 2009

Table 10-1: Typical packaged device screening.

Throughout the rest of this chapter, a brief description of, and the rationale for,

each product acceptance test or screen will be given.

A. SEM Analysis

Scanning Electron Microscopy analysis can provide valuable information

regarding the step coverage and quality of the metallization and passivation on device.

Thus, this tool is required as part of the wafer acceptance tests. Some accept/reject

criteria are provided in MIL-STD-883, but they may need some modification to cover

different MEMS technologies.

' This test may only be necessary if a MEMS device has on-chip electronics.
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B. Nondestructive Bond Pull Test

The integrity of wire bonds cannot always be judged through visual and electrical

tests. Therefore, some qualification procedures recommend the implementation of a

nondestructive bond pull test of each bond. The pull force selected for this test is

generally dependent on the material and wire diameter in question. MIL-STD-883,

Method 2023, is normally used for this application. Obviously selecting the required pull

force is critical and must be decided by the manufacturer and the user.

Mechanical damage to good bonds as a result of the test is possible. Due to this

problem, some manufacturers have removed this step from their qualification and screen

procedures and resorted to in-process controls and testing to provide the necessary
information. The decision to require this test must be made by the MEMS user after

careful consideration of the system application and workmanship of the manufacturer.

C. Visual Inspection

Many defects in MEMS, such as substrate cracks, poor wire bonds, and foreign

materials, reduce device reliability. Cracks can separate devices that are designed to be

mechanically coupled, thus changing the mechanical characteristics of the device. Poor

wire bonds increase the resistivity of the device, which can change the anticipated

electrical output. Conductive particulates can short out devices, causing huge current flow

through tiny fingers of comb drives. To prevent these and any other obvious flaws from

impinging upon device performance, a visual screen of a device is performed during

wafer acceptance tests for defects of the die and during the packaged device screens for

packaging and bonding defects.

D. Laser Profile

Since some MEMS will have unacceptably high residual stresses, it is useful to

measure the warping in a device caused by these stresses. One method of doing this is to

use a laser profiling system to examine surface contour. These systems record non-planar

displacements through the use of laser interferometry and have proven useful in the

analysis of MEMS. One limitation to these systems is that they do not distinguish
between surface contour and internal stress. The only tactic that has proven effective for

differentiating between these two effects is to use differential measuring of surface

profiles on devices that are etched on both sides. For devices suspended above the

substrate, there is no method available for directly measuring internal stress.

E. IR Scan

Some defects, such as substrate cracks and die-attach voids, must be detected,

whether or not they are visible. Since these types of defects have a different thermal

conductivity than the surrounding defect free region, they may be detected through
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thermal mapping. The baselinefor comparisonis the thermal profile of the MEMS
devicethat wasmadeaspart of theproductor designverificationstep. Typically a 5 °C
variation in thermaloutputis enoughfor a deviceto beconsideredareject. However,this
stepmaynot provethat informativeif thetemperatureof theMEMS devicedoesnotvary
much from the ambienttemperature. Thus the applicability of this test will be design
dependentand will likely require enough on-chip electronics to noticeably heat the
device.

Although infrared microscopesare expensive,require calibration, and have a
minimum resolution of approximately15_m, they are the best method of mapping a
device's thermal characteristics,since they do not damagethe device. While this
screeningstepis not typically imposedasa requirementfollowing MIL-PRF-38534,it is
a good idea for any high power applicationsor application,such as those involving
thermalactuators,that requiregoodthermalstability. Thisstepshouldbeperformedafter
die attachandbeforeattachmentof thepackagelid.

F. Mechanical Shock Screen

This screen is intended to detect weak parts that are required to undergo severe

shocks during transportation, handling, satellite launch, or other operations. The test

subjects the packaged MEMS to a number of short shock pulses with a defined peak.

Failures are detected during final visual and electrical screens.

G. Constant Acceleration

This screen is intended to detect failures due to mechanical weaknesses by

subjecting the packaged MEMS to a constant acceleration. Typical failures occur in the

bonds and die attach, and these are detected during the final visual and electrical screens.

This screen is an effective tool to detect poor workmanship. The appendix to this section

describes methods for producing mission specific dynamic tests for MEMS and can be

used either as a supplement or a replacement for the military standards.

H. Temperature Cycling and Shock Screen

Failure in mechanical devices can be accelerated by applying thermal stress.

These tests detect structural defects or weak points in packaging that would normally

result in early failures. Temperature cycling consists of cycling a packaged MEMS

between extreme temperatures many times. Typically the temperatures used are -65 to

200 °C and the number of cycles is 15. The temperature shock screen is similar to the

temperature cycle screen in that the test involves subjecting the packaged MEMS to

extreme low and high temperature, usually -65 to 150 °C, over many cycles. The

difference is that the rate of change in temperature with respect to time is much greater.

Temperature shock screens are typically done between baths of hot and cold materials,

while cycling screens use conductive air cooling to change temperature. Failure detection
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for both screensis donein a final electrical andvisual inspection. Thesetestsarealso
discussedin greatdetail in MIL-STD-883,Methods1010and 1011.

I. Particle Impact Noise Detection

During encapsulation, thermal stress screens, and mechanical tests, particles may

break off from either the MEMS device or the package. These loose particles may

mechanically damage the MEMS or short out part of the circuit. That particle impact

noise detection screen, or PIND, is a nondestructive test used to find parts that have this

defect. During the test, the part is vibrated and a sensor is used to detect anomalous

noise. Failure criteria are given in MIL-STD-883, Method 2020.

J. Burn-In

In an ideal world, devices that were substandard would be eliminated by a well

controlled process line before they ever reach the customer. However, it is unrealistic to

assume that a manufacturer can detect or predict which devices will fail with 100%

accuracy. Therefore, to eliminate the device discussed in Chapter 2 as being part of the

infant mortality group in a given production population, the burn-in screen must be

performed.

The burn-in screen stresses devices above their normal operating conditions to

accelerate any early failure that would occur from latent defects. For electronic circuits,

burn-in is typically done at elevated temperatures to accelerate early failure mechanisms.

For MEMS, the import of elevated temperatures will be device dependent. Far more

likely to be of use is the practice of supplying a voltage that is above the normal operating

regime for a device.

The difficulty in the bum-in test is to select a level of testing that will weed out

weak devices while not damaging good ones. An implicit trade off in burn-in is that the

confidence that a device will not suffer infant mortality comes at the expense of its long-

term life expectancy. Thus, running the test for too long can be as problematic as running

it in an abbreviated manner. The exact details of the burn-in will be up to the

manufacturer and customer to decide in trying to balance the two conflicting goals of

confidence and lifetime with the mission requirements. Devices that fail burn-in, which

is usually defined as a pre-determined shift in output characteristics, should be discarded,

rather than have any attempts made to salvage them.

K. Leak Test

There was a fair amount of information devoted to the subject of contamination

and induced failure mechanisms in Chapter 3. To eliminate many of these problems,

many MEMS devices are hermetically sealed in their packages and for these devices, their

reliability is dependent upon the integrity of these seals. The thermal and mechanical
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testswereintendedto detectdefectsin packagingbut oftena leak test is requiredto find
failed devices.

Fine leak testsconsist of placing the packageddevice in a chamberpressurized
with a knowngas,which will enterthepackagethroughanycracksthat havedeveloped.
Usuallyheliumor nitrogengaswith a smallconcentrationof aradioactiveisotopeis used,
sincethesegasescanbe detectedin small concentrationsusing commerciallyavailable
equipment.After a time, the chamberis cleansedby circulatingair andthe packagesare
testedto determineif gas leaks from them. Although the useof radioactiveisotopes
soundssomewhatextreme,it is thepreferredmethodin high-volumeproductionlinesdue
to the fact that it is easierto detectfor a longerperiod of time. The disadvantageof this
methodis that the gaswill escapefrom a grossleak before it has time to be detected.
Therefore,a grossleak test is usedthat is similar to the fine leak test exceptthat it is
conductedwith apressurizedliquid bathinsteadof thegas.

L. Radiographic

The final screen is usually a radiographic picture of the inside of the sealed

package taken with an x-ray machine. This nondestructive test uses radiation to penetrate

the package walls and produce a shadow image on a photographic plate. It is useful for

checking the location and position of wire bonds and for detecting loose particles that

may have moved or broken off during the screening process. In some cases, this screen

can also be useful in determining the presence of die-attach voids.

IV. Company Certification

Procurement of MEMS will often be the result of long-term partnerships between

the customer and manufacturer in which both parties collaborate in order to assure the

reliability and performance specifications of the flight ready device. This close

relationship between the two parties evolves through mutual trust. In a new partnership,

the best way for a manufacturer to establish trust is to show that it has good control over

the facilities, processes, and personnel used to make these devices. Typically these

controls, which include documentation, procedures, and management practices, are part

of a Quality Management Program. This step of proving that the company has these

processes in place is referred to as "company certification" and is usually verified by the

MEMS user through a written or facility audit. It is recommended that the audit and

company certification be completed before the contract for a deliverable MEMS device is

signed. In some cases, the MEMS user may make this requirement a paramount

consideration in selecting a company from which to buy parts. A company that does not

have tight quality controls installed should not be allowed to supply MEMS for high-rel

applications.
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Figure 10-9: Reliability audit.

227



Sincemost of the informationsoughtduringcompanycertification is basedupon
establishedquality control programsand standardindustrymethodologies,J1]the audit
should be easyand inexpensivefor both the user and manufacturer. Manufacturers
shouldkeepthis informationavailableandreadyfor distributionat all times. This whole
processmaybe facilitated if themanufacturerhaspassedpreviousqualificationaudits,in
which casethisstepmayonly requireanupdatefrom previousaudits.

A simplified versionof theauditis shownin Figure 10-9. Theaudit for a specific
MEMS must be developedon a case-by-casebasis. The major items in the Quality
ManagementProgramarepresentedin therestof this section,but it mustberemembered
thatthis is only apartial list. As statedbefore,theendgoalof a reliableMEMS deviceis
ultimately in thehandsof theuser. Any additionaldevicespecifictestsmustbespecified
by theuser asneeded.

A. Technology Review Board

In order to assure the quality and reliability of MEMS, manufacturers will usually

have a permanent committee in place with authoritative knowledge of the entire

fabrication process. If the quality of the process is not maintained, this committee, called

the Technology Review Board, or TRB for short, will have power to change the process

to improve quality. The TRB is responsible for the following measures:

• The development, implementation, and documentation of the manufacturer's Quality

Management Program and Quality Management Plan.

The development, implementation, and documentation of the manufacturer's Process

Qualification, Product Qualification, and Product Acceptance Plans.

Compiling and maintaining all records of the fabrication process, statistical process

control (SPC) procedures, SPC data, certification and qualification processes,

reliability data analysis, and corrective actions taken to remedy reliability problems.

• Examining test structures and MEMS reliability data and establishing and

implementing corrective actions when the reliability of the devices decreases.

• Notifying customers when the reliability of a wafer lot is questioned and supplying the

customers an evaluation of the problem and any corrective action required.

• Supplying reliability data to customers.

Because of these great responsibilities that cover such a broad area of knowledge,

the members of the TRB should have good hands-on knowledge of device design,

technology development, wafer fabrication, assembly, testing, and quality assurance

procedures. While the members of the TRB board are usually from the manufacturing

company, it is not unusual for a customer to request a seat on the board for their products.
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B. Conversion of Customer Requirements

Not all customers express their specifications in the same way, and not al! MEMS

manufacturers publish their performance specifications and operating guidelines in the

same way. Normally a user will ask for a device with specific characteristics, such as an

accelerometer with a dynamic range of +/- 50g and a resolution of. 1g instead of saying

that they want a bulk micromachined device with a cantilever beam accelerometer. It is

the job of the manufacturer to use the requirements of the user to determine the device

design. It is through the conversion of the customer's specifications to the manufacturer's

designs that the manufacturer can determine the cost and reliability concerns of the

device. It is recommended that the procedure by which a customer's requirements are

converted to the manufacturer's working instructions be documented. A typical

document will describe the procedure a company performs, the order in which they are

performed, and the typical schedule. Some of the items typically included in this

conversion are:

• Relating customer device requirements to manufacturer device requirements.

Converting the device requirements to a device design, using controlled design

procedures and tools (i.e. established electric, geometric, mechanical, and reliability

design rules).

• Establishing a design review team.

• Selection of test structures.

• Mask generation procedure within the controlled design procedure.

• Wafer-fabrication-capabilities baseline.

• Circuit fabrication procedure in accordance with approved design, mask, fabrication,

assembly, and test flows.

• Incoming inspection and supplier procurement document covering design, mask,

fabrication, and assembly.

• Establishment of screening and traveler documents.

• Technology Conformance Inspection, or TCI, procedures.

• Marking requirements.

• Rework procedures.
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C. Manufacturing Control Procedures

MEMS manufacture is a complicated process that involves multiple materials and

steps, each of which are critical to final device performance and reliability. Only a

properly controlled manufacturing line can be expected to routinely produce quality

MEMS devices. For this reason, the customer needs to be assured that the manufacturer

is using only certified processes and qualified technologies at every step of the

manufacturing process. To obtain that level of assurance, the company certification audit

should review the manufacturer's procedure for:

• Traceability of all materials and products to the wafer lot.

• Incoming inspection to assure conformance to the material specification.

• Electrostatic discharge, or ESD, control in handling the material in all stages of

manufacturing.

Conformance with design requirements at:

1. Device procurement specification

2. Layout verification

3. Testability and fault coverage verification

4. Electrical and mechanical parameter performance extraction

5. Archived data

Conformance with fabrication requirements at:

1. Mask fabrication

2. Mask inspection

3. Wafer fabrication

• Assembly and package requirements.

• Electrical and mechanical testing.

Most of this information can be obtained by examining the manufacturer's process flow.

D. Equipment Calibration and Maintenance

In order to maintain device quality, the processing equipment must be maintained.

For this reason, all equipment used in the manufacturing process must be kept to the

equipment manufacturer's specifications. In addition to routine maintenance, the

equipment must also be calibrated on a regular basis. Documentation showing the
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maintenanceand calibration schedule,departuresfrom this schedule,and corrective
action taken due to these departuresshould be kept by the manufacturers. This
documentationwill also highlight anymajor discrepanciesfound in the calibrationand
maintenanceof a pieceof equipment,sinceit could affect the reliability of the MEMS.
TheTRB will reviewthis documentationto determineif anycorrectiveactionis required.
Furtherinformationonequipmentcalibrationcanbefound in Reference[31].

E. Training Programs

Even well maintained and calibrated equipment cannot produce quality devices

without skilled operators. To assure the skills of the personnel employed in the design,

fabrication, and testing of devices, each engineer, scientist, and technician should have

formal training relative to their tasks. Furthermore, retesting and retraining should be

provided regularly to maintain the worker's proficiency, especially if new equipment or

procedures are introduced into the manufacturing process. It is therefore recommended

that the work training and testing practices employed to establish, evaluate, and maintain

the skills of personnel engaged in reliability-critical work be documented with respect to

form, content, and frequency.

F. Corrective Action Program

One of the best ways to continuously improve the reliability of manufactured parts

is to test and analyze failed parts from all stages of manufacturing and, based on these

findings, make corrective actions to the manufacturing process or to the education of the

end users. The plan that describes these corrective actions is normally documented and

should detail the specific steps followed by the manufacturer to correct any process that is
found to be defective. The documentation should also include the mechanisms and time

frames involved in informing customers of potential reliability problems.

G. Self-Audit Program

To promote continual quality improvement, manufacturers regularly review their

manufacturing procedures through an independent internal self-audit program under the

direction of the TRB. The self-audit program should identify the critical review areas,

their frequency of audit, and the corrective action system to be employed when deviations

from requirements are found. Typical areas included in a self-audit are:

• Calibration and preventive maintenance,

• Fabrication procedures,

• Training programs,

• Electrical and mechanical tests,

• Failure analysis programs,
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• Test methods,

• Environmental control,

• Incoming inspection,

• Inventory control and traceability,

• Statistical Process Control and

• Record Retention.

The self-audit checklist, the date of the previous audits, and all the findings from

the audits are typically maintained by the TRB, which will use these findings to

recommend corrective actions and prepare a self-audit follow-up.

H. Electrostatic Discharge Handling Program

Because of the catastrophic failure caused by ESD, all personnel that work with

MEMS should be trained in the proper procedures for handling the devices. Furthermore,

these procedures should be documented and available for reference. Typically, the

procedures include the methods, equipment, and materials used in the handling,

packaging and testing of MEMS. Further guidance for device handling is available in the

Electronics industry Association JEDEC Publication EIA 625 [33] and MIL-STD-

1686.[34]

I. Cleanliness and Atmospheric Controls

The quality of MEMS and the yield of the fabrication line is directly linked to the

manufacturer's control over the cleanliness of the environment in which the parts are

fabricated. Therefore, manufacturers often spend a large amount of their resources to

guarantee that devices are fabricated in ultraclean rooms where the atmosphere is tightly

controlled. Since the yield of the fabrication process is so strongly dependent on the

success of maintaining those conditions, regular measurements are taken to assure the

temperature, humidity, and cleanliness of the fabrication areas. In addition, during transit

and storage prior to seal, the die/wafer should be protected from human contact, machine

overspray, or other sources of contamination. All of these procedures and measurements

are recorded and compiled into a single document by the clean-room manager for future
reference.

J. Record Retention

Documentation is the only method available to gauge the reliability of MEMS as a

function of time, which is critical to spotting faults in the process line. Although many

sections in this guide recommend the documentation of certain data or procedures, it is

helpful if a list of documents and the period of retention for each document is made.
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Furthermore,the list shouldcontaina recordof wheneachdocumentwas last changed,
who is responsiblefor maintainingthedocument,andwherethedocumentis stored.The
typicaldocumentsto beretainedarethosethatrelateto

• Inspectionoperations,

• Failure and defect report and analysis,

• Initial documentation and subsequent changes in design, materials, or processing,

• Equipment calibration,

• Process, utility, and material controls,

• Product lot identification,

• Product traceability,

• Self-audit report,

• Personnel training and testing and

• TRB meeting minutes.

K. Inventory Control

The proper inventory of all incoming materials and outgoing parts is not only

required for the management of a profitable company but also for the manufacture of

reliable MEMS devices. Many materials and chemicals used in the fabrication of MEMS

have shelf lives that must be tracked if process yield and reliability are to be maintained.

The tracking of in-process and completed MEMS is essential for the establishment of

MEMS history, which is critical in failure analysis. Therefore, the methods and

procedures used to control the inventory of all materials related to MEMS manufacturing

should be documented. This documentation typically includes:

• Incoming inspection requirements and reports.

• Identification and segregation of non-conforming materials.

• Identification and control of limited-life materials.

• Control of raw materials.

• Data retention for required receiving reports, test reports, certification, etc.

• Supplier certification plan.
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L. Statistical Process Control

The establishment of a statistical baseline for judging the continuous improvement

of a manufacturer's process is an important task. To establish that baseline, the

manufacturer should develop an SPC program using in-process monitoring techniques to

control the key processing steps that affect device yield and reliability. As part of the

SPC process, every wafer lot typically has built-in control monitors from which data are

gathered, which should then be analyzed by appropriated SPC methods to determine the

effectiveness of the company's continuous improvement plans. Additional information

on SPC analysis can be found in the Electronics Industry Association JEDEC EIA 556A

[35] and in MIL-I-38535.[36]

V. Additional Reading

Microelectronics Failure Analysis Techniques, A Procedural Guide, E. Doyle, Jr., and B.

Morris, Editors, report written for Air Force Systems Command, Rome Air Development
Center under contracts F30602-78-C-0339 and F30602-78-C-0281

MIL-STD-1540C, Test Requirements for Launch, Upper-Stage and Space Vehicles,

United States Air Force Military Standard, 1994.

Thomson, W. T., "Theory of Vibration with Applications," 2nd ed., Prentice-Hall, Inc.,
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Appendix: Mission Specific Environmental Testing

J. Newell and K. Man

One of the challenges in space qualification is to define the operational

environment of a part such that it is tested to the limits of a mission without requiring

expensive overdesign. To aid this, this section defines, discusses and recommends

environmental design and verification requirements for space microelectromechanical

systems. Typical environmental program policies are presented, along with

environmental design and test configuration requirements. Sample specifications are

provided for a variety of environments, ranging from launch vehicle dynamics to ground

handling conditions. Through judicious implementation of the analysis, test and

verification techniques outlined herein, robust and reliable MEMS devices can be

developed for long term survival in the unforgiving space environment.

A. Test Procedures

The fundamental purposes of an environmental test program are to simulate the

launch environment, to qualify designs for launch and in-service conditions, and to screen

flight hardware for manufacturing workmanship. Such a program should effectively

demonstrate the quality and reliability of a design, as well as its suitability for the

intended purpose or mission.

Environmental Compatibility Analyses are often conducted to verify hardware

design compliance with mission environments that are impractical to verify by test.

Design margins for these analyses must normally be higher than margins demonstrated by

environmental test.

Such analyses are often conducted for the ground handling environment, including

vibration and shock, temperature and humidity. Analyses are also normally conducted to

demonstrate compatibility with explosive atmosphere requirements, and to prove

structural integrity under launch pressure decay and thermal shock conditions.

Environmental Testing is conducted at two levels: the assembly/subsystem level

and the system level. Assembly/subsystem level testing is completed prior to delivery for

higher level integration into a flight system, and is generally the responsibility of a

cognizant hardware engineer. The majority of space micromechanisms fall into this

category. Post delivery environmental testing at a higher level of system integration is

then usually conducted under the auspices of an Assembly, Test and Launch Operations,

or ATLO, Manager.
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Environmental tests are categorizedfor the purposeof hardwarequality and
reliability verification asProtoflight, Qualification and Acceptance, which are defined as

follows.

Protoflight tests are conducted on flight hardware to demonstrate its ability to

meet mission requirements. Protoflight test levels are generally equal to qualification

levels, although test duration is often reduced.

Qualification tests are performed to a level and/or duration sufficient to

demonstrate ability of a hardware design to meet mission requirements, with adequate

margin. Such testing is generally conducted on a dedicated unit.

Acceptance tests are performed to detect workmanship or other defects which may

have been introduced in the fabrication process, and to demonstrate hardware

acceptability for flight. Acceptance testing is performed on flight hardware and spares

when an adequate protoflight or qualification heritage exists.

In addition, development environmental testing is also often conducted to gain

insight into design compatibility or functionality in expected mission environments. As

an example, a dynamics test model of a flight system is sometimes assembled for

purposes of structural verification.

i) Test Sequencing

To accurately simulate the environment sequence, flight hardware testing should

be performed as follows:

1. Sinusoidal or transient vibration, random vibration, pyroshock and

acoustics, as required. The order among these dynamics tests may be

interchanged.

2. Thermal-vacuum testing.

During the normal flight sequence, the launch environment is followed by vacuum

and potential temperature extremes. In this flight sequence, hardware is exposed to

acoustics and vibration followed by vacuum and temperature variations. Consequently,

by performing dynamics tests prior to thermal-vacuum tests, the actual flight sequence

will be simulated. If the flight sequence produces synergistic effects, the synergism will

also be simulated.

Experience has shown that until the thermal-vacuum tests "are performed, many

failures induced during dynamics testing are not detected because of the short duration of

the dynamics tests. In addition, the thermal-vacuum test on flight hardware at both the
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assemblylevel and the systemlevel providesa goodscreenfor intermittent aswell as
incipient hardwarefailures.

Preserving the sequenceof service environmentsin the environmental test
program is a widely acceptedpractice. As a result, the effect of reversing the test
sequenceon spacecraftfailure rateshasnot beenquantified. However,evidenceexists
thatmanyacousticinducedfailureshavenotbeendetecteduntil thespacecraftis exposed
to thethermal-vacuumenvironment.Thesefailuresmaynot bedetectedduringacoustics
tests becauseof the short one-minute duration or a non-operatingpower condition.
Typically, the identified failures that could be related to or causedby the dynamic
acousticenvironmentwere bad solderjoints, intermittents,bad bearings,brokenwires,
poorwelds,leaks,andforeignmaterials.

An exampleof a failure that might be inducedby dynamictestsbut not revealed
until thermal vacuum,would be a broken wire or solderjoint. This defect might be
inducedby acousticsbutnot bedetectedduring theacoustictestdue to the shortduration
of the testor to anunpoweredor unmonitoredstateof the affectedequipment. During
post-acousticfunctional testing, the wire or solder joint broken ends may be making
adequatecontactto showelectrical continuity. In the subsequentthermal-vacuumtest,
the thermal distortionscould causeloss of contact,allowing the failure to be detected.
Reversingthetestsequencecouldresult in thedefectnotbeinginduceduntil afterthermal
vacuumtestandnotdetecteduntil exposureto theflight thermalenvironment.

Even if all defectsprecipitatedby the dynamicstestsarerevealedduring the test
or during post-testfunctional testing, performingdynamic tests first will nonetheless
increasetheprobabilityof earlydefectdetection,whencorrectionof defectswill haveless
impacton theflight programcostandschedule.

If thethermal-vacuumtestsdonot follow thedynamicstests,more intermittentor
incipient discontinuitytype failures may go undetected. If the defectsarenot detected
during assemblylevel testsand aresubsequentlydetectedduring the systemlevel tests,
redesignor reworkat this late stageof the processcould causedelays,increasecosts,or
make it necessaryto acceptadditional risk that might havebeenavoided. If thedefects
are not detectedat the systemlevel, the defectsmay then causehardwareanomalies
during themission,andin theextremecouldcauseamissionfailure.

B. Environmental Test Requirements

Appropriate in-situ environments must be determined and specified in order to

effect a robust space microelectromechanical device design. These environmental design

requirements depend upon factors ranging from the choice of launch vehicle to the type of

spacecraft thermal control subsystem. Establishment of these requirements can be a time

consuming task involving considerable research and analysis effort.
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Therequirementswithin this sectionencompassthebasiclaunchenvironments,as
well asthoseassociatedwith groundoperationsandhandling. They areofferedhereas
genericbaselineenvironmentallevels,andshouldbeusedprimarily asexamples.

i) Launch Environment

The launch environment encompasses pre-launch operations, lifloff, and ascent.

Typical requirements are provided here for both design and test of space micro-

electromechanicat devices, with environments including thermal conditions, deep space

vacuum and insertion pressure decay, random and sinusoidal vibration, pyrotechnic shock
and acoustic noise.

ii) Thermal

Spacecraft microelectromechanical systems should be designed to operate within

specification over the temperature range of-55°C to +70°C, or flight allowable _+20°C,
whichever is more extreme.

iii) Definitions

Terms used in thermal design and test of space microelectromechanical systems
are defined as follows:

Operating Allowable Flight Temperatures: The temperature ranges of MEMS devices

when powered-on in a worst case operational mode (hot or cold). In-spec operation is

required.

Non-Operating Allowable Flight Temperatures: The temperature ranges of MEMS

devices when powered-off in a worst case non-operational mode (hot or cold). MEMS

devices must be capable of returning to in-spec operation as temperatures return to

Operating Allowable Flight levels.

Design Temperature Limits." Temperature limits to which all MEMS devices should be

designed to meet all functional and performance specifications.

Stabilization Temperature: In specification of test conditions, an assembly is defined to

have attained a stabilization temperature when the rate of temperature change of its largest

centrally located thermal mass is less than 2°C per hour.

Control Temperature - Conductive Heat Transfer Tests: The control temperature for a

thermal/vacuum conductive heat transfer test is defined to be the temperature of the heat

exchanger plate midway between input and output of heat exchange fluid.

238



Control Temperature - Radiative Heat Transfer Tests." The control temperature for a

thermal/vacuum radiative heat transfer test is defined to be the temperature of the major

temperature control surface of the assembly (e.g. radiator).

Mission Phase

iv) Thermal Radiation

Assembly allowable flight temperatures should not be exceeded during the

mission under exposure to the applicable worst case expected thermal radiation levels in

the accompanying table.

Direct Solar Reflected Solar Planetary IR

_2arthOrbit:

Deep Space Cruise:

Near Earth

0 to 1400 W/m 2

(5770K effective blackbody

temperature)

0 to 1400 W/m 2

(at earth

perihelion)

(Albedo)

0 to 0.32

0 to 450 W/m 2

(global annual mean)

0 to 0.70 W/m 2

_polar re[ions)

Negligible beyond 4 earth radii

(LW Radiation)

100 to 270 W/m 2

(206K to 262K effective

blackbody temperature)

Negligible beyond 4 earth radii

Table A-l: Thermal radiation levels.

v) Vacuum Pressure Decay

The design pressure for a typical mission can be expected to decrease from

101325 N/m E (760 Tort) on Earth to 1.33 x 10 -3 N/m E (lxl0 -5 Tort) in deep space. A

typical launch pressure decay rate, showing launch vehicle internal fairing pressure versus

time, is provided in the figure below.
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Figure A-l: Launch pressure decay rate.

Assemblies affected by launch pressure decay should be designed with a

recommended structural design factor of 1.0 on yield and 1.4 on ultimate if tested, or 1.6

on yield and 2.0 on ultimate if not tested.

vi) Dynamics

Assembly-level vibration and shock tests, simulating launch vibroacoustics and

upper-stage pyrotechnic separation events, represent the most severe dynamic

environments for spacecraft hardware. Components of a spacecraft, at various levels of

assembly, should generally be subjected to the following environments:

(1) Definitions

Sinusoidal vibration requirements are imposed to cover the various mid-frequency (5-

100 Hz) launch vehicle-induced transient loading events.

Random vibration requirements are derived from launch vehicle induced acoustic

excitations during liftoff, transonic and maximum dynamic pressure (e.g. "max q")

events.

Acoustic requirements are based on maximum internal payload fairing sound pressure

level spectra.
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Pyroshock requirementsare intendedto representthe structurallytransmittedtransients
from explosive separationdevices, including pyrotechnic fastenersutilized to effect
spacecraftseparationfrom theupperstage.

Quasi-Static Accelerations are associated with quasi-steady flight events generated by

rocket motor-induced forces and other external forces which change slowly with time and

for which the elastic responses are relatively small. Typical assembly design

requirements for quasi-static acceleration environments are specified in the table below.

Axis I Acceleration (2)

Thrust +14 +_0.7

Lateral +3 +_0.3

Table A-2: Quasi-static accelerations.

Qualification testing of microelectromechanical systems for the quasi-static

acceleration environment can be performed in a centrifuge. However, a low frequency

sine vibration test, conducted on an electrodynamic shaker, can often be substituted for

the relatively expensive centrifuge trial. If a microelectromechanical system is subjected

to sine testing at a frequency sufficiently below its fundamental resonance, it will not

vibrate, but will instead move as a rigid body under the input sine acceleration. To ensure

pure rigid body behavior of the assembly under test, the frequency of sine excitation

should generally be less than the microelectromechanical system resonance by a factor of

two. More detail on each of the other test environments is provided below.

(2) Dynamics Test Tolerances

Tolerances for dynamics testing are provided below. The indicated tolerances are

derived from space vehicle hardware test experience, and may be facility-, equipment-, and

personnel-dependent.

a. Time: +5 percent

b. Vibration Frequency: +5 percent or 1 Hz, whichever is greater.

c. Acoustic Spectral Shape: Match to spectral shape of the specified

Sound Pressure Level (SPL) in 1/3 octave bands.

d. Acoustic Overall Level: + 1 dB of the specified level.

e. Random Vibration Spectral Shape: The Acceleration Spectral Density

(ASD) shall be within +3 dB when measured in frequency bands no

wider than 25 Hz.

f. Random Vibration Wideband RMS Acceleration: Within +1.0 dB of

that specified.
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g. Pvro Shock : + 3 dB 20 to 2000 Hz

h. Static Acceleration: +5%

(3) Sinusoidal Vibration

Sinusoidal vibration is employed to simulate the effects of significant flight

environment launch transients. These transients typically produce the dominant loading

on primary and secondary structure and many of the larger subsystems and assemblies.

Sinusoidal vibration is the only widespread current method of adequately exciting the

lower frequency dynamic modes, particularly those below 40 Hz.

Sweeping at a log rate between 1 octave/minute and 6 octaves/minute should

avoid application of excessive fatigue cycles. The higher rate is near the upper limit

which most control systems can accommodate without experiencing some instability.

The use of logarithmic sweep rates has the advantage in that a nearly equal time is spent

at resonance for a given Q, independent of frequency. Sinusoidal vibration levels can be

derived as illustrated in the following example:

Step 1. Create analytically derived transient waveforms from various flight events:
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Figure A-2a: Creation of a sinusoidal vibration test profile (see 2b-e).
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Step 2. Compute the shock spectra for each of the waveforms in Step 1:
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Figure A-2b

Step 3. Take data from previous flight measurements:
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Figure A-2c
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Step 4. Combine results from steps 2, and 3 and envelope:
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Figure A-2d

Step 5. Convert to a sine amplitude equivalent vs. frequency by dividing Shock Response

Spectrum envelope in Step 4 by Q:
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Figure A-2e

Alternatives to the use of swept sine vibration testing are currently under

development which address several of the objections to this method. In particular, the

problem of excessive resonance build-up in a sinusoidal vibration sweep relative to the

flight transient environment may be alleviated by any of the following tests:

• Narrow band swept random.

• Discrete frequency sinusoidal pulses applied at regular frequency intervals.
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• Complex waveform pulses representative of a composite of the various launch

transient events.

Space microelectromechanical systems should be subjected to a set of swept

sinusoidal vibration requirements similar to those specified in the table below. The sine

vibration should be applied to the test item by sweeping over a frequency range beginning

at 10 Hz (+_ one octave) up to 100 Hz (_+ one octave). The frequency range should be

swept at a logarithmic rate, such that Af/f is constant. This testing may generally be

performed with the same fixturing as a random test, and is often run concurrent with the

random vibration trial.

For all tests, these conditions should be applied at interface or mounting surfaces.

For structure-like assemblies such as antennas and some large microelectromechanical

systems, the input forces may be limited or notches may be applied to the acceleration

levels, such that forces at the interface do not exceed spacecraft structural design loads.

Spacecraft-Level Assembly -Level

Level (Gs) Level (Gs)Frequency

(Hz)

1.0 cm DA l

Frequency

(Uz)

5 - 205-10

10 - 100 2.0 (0 - peak) 20 - 100

100 - 200 1.0 (0 - peak) 100 - 200

1.9 cm DA

12.0 (0 - peak)

3.0 (0 - peak)

SWEEP RATE:

QUAL: I OCTAVE PER MINUTE, ONCE UP OR DOWN IN EACH OF THREE ORTHOGONAL AXES.

PF TEST: 2 OCTAVES PER MINUTE, ONCE UP OR DOWN IN EACH OF THREE ORTHOGONAL AXES.

ACCEPTANCE: SAME AS PF.

Table A-3: Sinusoidal vibration.

(4) Random Vibration

The random vibration environment consists of stochastic instantaneous

accelerations which are input to a microelectromechanical system or other assembly,

transmitted via spacecraft structure under launch dynamic excitation conditions. Random

vibration input occurs over a broad frequency range, from about 10 Hz to 2000 Hz. In the

space vehicle launch environment, random vibration is caused primarily by acoustic noise

1
DA: Double Amplitude Displacement.
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in the payloadfairing, which is in turn inducedby externalaerodynamicforcesdue to
dynamicpressureandreflectionof rocketexhaustfrom theground.

For microelectromechanicalsystems,randomvibration can induce a numberof
failure modes, including fretting in gear trains and breakageof lead-wires in drive
electronics. Brinnelling in recirculating bearings can also occur, as the random
environmentproducestheequivalentof micro-shocksin theseassemblies.

Randomvibration criteria shouldbe developedby the processdescribedin the
following four steps:

1. Determine the Power Spectral Density (PSD) of the random vibration directly
transmittedinto theflight articlethroughits mountsfrom the launchvehiclesourcessuch
asenginefiring, turbopumps,etc.,as illustrated in the following figure. Thesevibration
conditions at the launch vehicle-to-payloadinterface are typically available from the
launchvehicledeveloper.

I0
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I ;
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! 2

0.1

0.01

l

/ \\

i
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Figure A-3: Vibration levels transmitted to flight article through mounts.

2. Perform an analysis to predict the payload/flight article's vibration response to the

launch vibroacoustic environment, as illustrated in the figure below. Statistical energy

analysis (SEA) methods such as the VAPEPS (VibroAcoustic Payload Environment

Prediction System) program are effective predictors in the higher frequencies. The

VAPEPS program can also effectively extrapolate from a database using SEA techniques

to provide predictions for a similar configuration. If random vibration predictions are

needed for the lower frequencies, finite element analysis methods, such as NASTRAN,
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are commonly used. The vibration is induced into the test article both directly and

indirectly through its mounting.
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Figure A-4: Payload/flight article response to vibroacoustic environment.

3. Establish a minimum level of vibration which is necessary to ferret out existing

workmanship defects and potential failures. The figure below provides such a

workmanship vibe level, as specified in MIL-STD-1540.
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Figure A-5: Minimum vibration levels for workmanship defect detection

4. Envelope the curves from steps 1-3 to produce a composite random vibration

specification for the test article, as illustrated below.
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Figure A-6: Composite random vibration envelope.

This resultant random vibration specification, which is employed as the flight

acceptance test level, covers the two primary sources of this vibration while also

providing an effective process for uncovering workmanship defects. Qualification and

Protoflight test levels are increased typically 3 to 6 dB above flight acceptance to verify

that the design is not marginal.

Recommended random vibration environments for both spacecraft and assembly-

level testing are specified in the accompanying table. Instantaneous accelerations are

assumed to exhibit a gaussian distribution. For structure-like assemblies such as antennas

and some large instruments, force limit criteria should be used in testing to mitigate the

problem of impedance mismatch between the test article and rigid shaker fixture.

Typically, microelectromechanicai systems and similar assemblies are mounted to

spacecraft structure which is somewhat flexible. If, during a launch event, the MEMS is

excited into a state of mechanical resonance, the relatively low stiffness spacecraft mount

will serve to limit interface forces. On the other hand, if a microelectromechanical system

resonates during a vibration test, the interface forces between shaker and test article can

become artificially high, as the infinite impedance shaker continues to drive the

resonating mechanical structure to the specification acceleration power spectral density

level. To mitigate this problem, the input vibration specification can be notched at

resonances or force limiting can be effected. Either way, the interface forces will be

limited to more realistic levels, and an unnecessary overtest will be avoided.
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Spacecraft-Level

Frequency

(Hz)

Level

Assembly -Level

Frequency

(Hz)

20 - 80

Level

+6 dB/octave20 - 45 +10 dB/octave

45 - 600 0.06 g2/Hz 80 - 1000 0.25 g2/Hz

600 - 2000 6 dB/octave 1000 - 2000 - 12 dBloctave

Overall 7.7 grms Overall 17.6 grins

DURATION:
DESIGN: 3 MINUTES IN EACH OF 30RTHOGONAL AXES

PF TEST: 2 MINUTES IN EACH OF 30RTHOGONAL AXES

ACCEPTANCE SAME AS PF

Table A-4: Random vibration specifications.

Launch Random Vibration Tests are generally applied in each of three orthogonal

axes, and have a gaussian distribution of the instantaneous acceleration. Both the

Acceleration Spectral Density and wideband acceleration are test parameters and should be

within specified tolerances. Each assembly or subsystem should be in its launch

configuration. Powered-on vibration of MEMS support electronics, with attendant

functional monitoring during testing, should be considered as an effective defect screening

tool. All microelectromechanical systems or subsystems should be attached to vibration

test fixtures at their normal flight structural interfaces.

Test Control accelerometers should be located at fixture-to-test article interfaces.

When more than one control accelerometer is specified, the test should be controlled by

averaging the accelerometer signals. Automatic, closed-loop servo control should always

be implemented with an electrodynamic vibration exciter.

Vibration Instrumentation for microelectromechanical system testing should include

appropriately located accelerometers and strain gages. The accelerometers, strain gages

and data acquisition system should have flat frequency response characteristics within &l

dB from 5 Hz to 2 kHz. Visual data available on site during actual execution of the test

should include paper oscillograph recordings of the time histories of the control and

selected response channels. Additional quick-look analysis data in the form of

Acceleration PSD plots should be available during testing as needed.

(5) Acoustic Noise

Acoustic noise results from the propagation of sound pressure waves through air

or other media. During the launch of a rocket, such noise is generated by the release of

high velocity engine exhaust gases, by the resonant motion of internal engine
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components,and by the aerodynamicflow field associatedwith high speedvehicle
movementthroughtheatmosphere.

The fluctuatingpressuresassociatedwith acousticenergycan causevibration of
structuralcomponentsovera broadfrequencyband,rangingfrom about20 Hz to 10,000
Hz andabove. Suchhigh frequencyvibration canleadto rapid structuralfatigue. Thus,
the objectiveof aspacecraftacousticnoiserequirementis to ensurestructuralintegrityof
the vehicle and its componentsin the vibroacousticenvironment. A typical acoustic
specificationis providedin thefigurebelow.
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Figure A-7: Typical acoustic noise requirement.

Such a figure specifies the level of input sound pressure over the spectrum of frequencies

at which the pressure can fluctuate. The pressure P is measured in decibels, defined as

dB = 20log

where the reference pressure Pref = 2 x 10-5 Pa is ostensibly the audible limit of the human

ear.

The decibel pressure levels in acoustic noise spectra are not generally provided at

each and every frequency. Instead, they are often specified over discreet bands of width

Af, which span 1/3 of a frequency octave. With this method, three sound pressure levels

will be provided over any interval in which the frequency doubles. The table below is an

example of such a 1/3 octave band specification, for the curve data above.
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Table A-5: Acoustic specification table.

When pressure levels are defined with these methods, it is convenient to provide a

measure of the overall acoustic noise intensity. The overall sound pressure level, or

OASPL, provides just such a measure and, for 1/3 octave band specifications, can be

calculated as the decibel equivalent of the root sum square, or RSS, pressure. The table

below illustrates such a calculation for the data of the previous example, and shows that

the OASPL is 144.9 dB. It should be noted that this OASPL exceeds any individual

sound pressure level in the specification, because it represents an intensity of the

spectrum as a whole.
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Center Frequency SPL (dB) Pressure P (Pa) Squared Pressure

i 22.0 25.2 633.931,5

40.0

50.0

124,0

126.0

31,7

39.9

1004.6

1592.2

63,0 127.5 47.4 2249.1

80.0 129.5 59.7 3564.5
109.0 130,5 67,0 4487.5

125.0 132.0 79.6 6338.7

160.0 133.0 89,3 7979,9

94.6

100.2

200.0

250.0

133.5

134.0

315.0 134.5

400.0 134,5

500.0 134,0

630.0 133.5

133.0..... _.u ....
132.0

106.2

8953.6

10046.2

11272.0

106,2 11272,0

100,2 10046.2

131.5

130.0

1290

128.0

126.5

125,0

124.0

122.5

121.0

120,0

94.6

89.3

1000.0

1250.0

1600,0

79.6

75.2

63.2

8953.6

7979.9

6338,7

5649,4

3999.4

2000.0 56.4 3176.9

2500.0 50.2 2523.5

42.3

35.6

3150,0

4000.0

1786.5

1264.7

5000.0 31.7 1004.6

6300.0 26.7 711.2

8000.0

10000.0

22.4
20.0

503.5

399.9

RSS Pressure = 351.8 Pa

.................... _44.9 d_B_

Table A-6: Calculation of overall sound pressure level.

To quantify the acoustic environment, launch vehicles are often instnimented with

internal microphones, which measure noise levels within the rocket fairing. This data is

telemetered to the ground for processing, and ultimately plotted in the form of a sound

pressure level versus frequency spectrum. Since the acoustic forcing function is

stochastic, depending on many atmospheric and other variables, data from a number of

such flights are generally gathered, and an envelope, such as that of the previous figure, is

developed to encompass the historical record of microphone data.

This process can be extended and applied to data from a number of launch

vehicles. If a launch platform has not yet been manifested for a particular payload,

acoustic profiles from a number of candidate rockets can be enveloped, producing an

aggressive specification which will ensure design adequacy for the spacecraft. The figure

below reflects such a process, providing an envelope which encompasses the acoustic
environments from three launch vehicles.
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Figure A-8: Envelope of acoustic flight data.

The rationale for acoustic noise testing is straightforward, as acoustic energy is the

primary source of vibration input to a space launch vehicle. During the initial phases of a

rocket launch, high velocity gases are ejected from motor nozzles and reflected from the

ground, creating turbulence in the surrounding air and inducing a vibratory response of

the rocket structure. During the subsequent ascent phase of a launch, as the vehicle

accelerates through the atmosphere to high velocity, aerodynamic turbulence induces

pressure fluctuations which again cause structural vibration. These pressure fluctuations

increase in severity as the vehicle approaches and passes through the speed of sound, due

to the development and instability of local shock waves. The high-level acoustic noise

environment continues during supersonic flight, generally until the maximum dynamic

pressure, or max Q, condition is reached.

Acoustic energy gets transmitted to the mission payload in two ways. First,

fluctuating pressures within the payload fairing impinge directly on exposed spacecraft

surfaces, inducing vibration in high gain antennae, solar panels and other components

having a large ratio of area-to-mass. Secondarily, the fluctuating external pressure field

causes an oscillatory response of the rocket structure, which is ultimately transmitted

through the spacecraft attachment ring in the form of random vibration. From the
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spacecraftperspective,this random input is generally lowest at the launch vehicle
attachmentplane,andincreasesupwardalongthepayloadaxis.

At the integratedspacecraftlevel acousticnoise is a primary sourceof vibration
excitation. It shouldbe included in virtually any space vehicle test program. At the

subsystem level, however, and particularly in the context of space MEMS, acoustic

testing is generally not conducted due to the obvious low ratio of area-to-mass exhibited

by a microelectromechanical system.

The failure modes produced by acoustic noise excitation are generally identical to

those associated with other types of vibratory structural fatigue. These include failures

due to excessive displacement, in which one deflecting component makes contact with

another, as well as fractured structural members and loose fasteners. Broken solder

joints, cracked PC boards and wave guides can also occur. Electronic components whose

function depends on the motion of structural parts, such as relays and pressure switches,

are particularly susceptible.

Large flat panels are most easily influenced by, and therefore damaged by,

acoustic energy, as they can undergo large displacements while oscillating at low

frequency. For a typical spacecraft, this means that a fixed high gain antenna must be

carefully designed and stiffened to avoid bending failures, debonding of composite

members and related problems. In general, any structure with a high ratio of surface area

to mass can be expected to experience potential problems in the acoustic noise

environment.

Supporting data for acoustic noise design, analysis and testing can be found in the

literature, as well as in various launch vehicle user manuals. The acoustic test has

traditionally been severe, with the qualification environment generally established at 4 dB

above the expected launch noise profile. The table below provides a sampling of

problems detected during acoustic tests on several large programs.
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Acoustic Test Problem/Failure History

Program Year Subsystem

Viking 1973 S/X Band Antenna Cracked Epoxy

Viking 1973 S/X Band Antenna Spacers Loosened

Viking 1973 S/X Band Antenna Studs Loosened

Viking 1973 Infrared Mapper Wire Shorted

Failure Mode

Screw ShearedViking 1973 Radio Antenna

Voyager 1977 S/X Band Antenna Magnetic Coil Debonded

Galileo 1983 Dust Detector Sensor Cover Buckled

Mars Observer 1991 Telecom Subsystem HGA Screws Backed Out

Mars Observer 1991 High Gain Antenna HGA Struts Debonded

Mars Observer 1991 High Gain Antenna Waveguide Broke

Topex 1992 Instrument Module I/C Lead Wire Broke

Cassini 1995 High Gain Antenna HGA Screws Backed Out

Cassini 1995 High Gain Antenna HGA Struts Debonded

Table A-7: Acoustic test problem]failure history.

The testing has clearly identified improperly designed components. It is

interesting to note that a majority of these problems have occurred in high gain antennas

and related subsystems, which have the previously identified characteristics of large

surface areas, low mass and bonded attachments.

Failure mode sensitivities and cost tradeoffs for the acoustic noise environment

are illustrated in the table below. The primary test variables are acoustic noise input

level, time duration for the test, frequency of noise input and whether or not power is on

in the test article.

Each test parameter in an acoustic noise trial is generally a cost driver. This is

primarily due to the fact that the test requires a large chamber, many support personnel

and a significant amount of equipment.

Rea_,.,,_d C_tm/Pamrmwtem _r_ ModGJ _ Pv//v #o I ....
d8 tdur power f

dB peak inteCmiffents ÷ + + + OB increose ffi more N2f etc +
t duf o§o¢_ brok_ ,_)kJef _3int$ + + 0 - t G_'OflQr_ _ +

_wer on opens + + 0 + power on ffi exh'a ecl_t +
frequency _orts + + 0 + f In_eu_. heifer mo_ulat(_ +

b(c4(en cocx",ec to_ + + 0

brokeo wave _ _ + + 0

broken c_stals + + 0 +

cra_ked diodes + + 0 +
+relay chattel + + +

fost_er _ + + 0 +

potentiometer _ol:_e + + 0 +

Acoustic NOISe

Table A-8: Control parameter sensitivity and cost.
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Due to their typically low ratios of area to mass, space MEMS do not require

independent testing in the acoustic environment. Instead, such devices are usually

subjected only to random vibration, shock and possibly sine testing, with acoustic

qualification deferred to the spacecraft level. Nonetheless, the acoustic environment

drives many related dynamic specifications, and the informed reader should have some

knowledge of common acoustic requirements.

The acoustic noise environment for a typical spacecraft and subassemblies is a

reverberant random-incident acoustic field specified in 1/3 octave bands. The cumulative

test duration should be no less than 1 minute in any acoustic trial, of which a minimum

35 seconds must be contiguous.

All test items should be in their launch/ascent mechanical and electrical

configuration and should be suspended or otherwise positioned within the acoustic

chamber such that no major surfaces are parallel to the chamber walls, floor or ceiling,

with a minimum of 0.6 m (2 ft) of clearance from any chamber surface. A functional test

should be performed before and after the acoustic trial to verify operational performance.
Tolerances for SPLs should be as delineated in the table. The OASPL should be

controlled to within _1 dB (true RMS) of the specification nominal.

The test should be controlled so that the square root of the average mean-square

sound pressure at several locations surrounding the test object meets the test levels

specified in the table, in 1/3 octave bands centered on the specified frequency. Test time

should commence when the overall control SPL is raised to within 1 dB of that required

and should terminate when the level is reduced to more than 1 dB below that required. The

control microphone locations should be 12-18 inches from major exterior surfaces of the

assembly or subsystem. The control microphones and their data acquisition systems should

have flat frequency response characteristics within + 1 dB from 30Hz to 10 kHz.
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Frequency i F.A. SPL i Qual SPL Tolerance

(Hz) ' (dB ref 20 gPa) ! (dB ref 20 gPa) (dB)

...... " " 132.0: +6, -331.5 129.0i
40 131.0 134.0 +5, -3

...............50+.................................132.5 _i....................................................135.5 _i...........2.......................5,-3

63_ 134.0; 137.0_ +5, -3
80 135.01 138 0 +4, -3

100_ 135.5: 138.5i ±3

...........16iJ!................................. 139.0 ! _+3
........ t ....................................................... t ............................................. *..............................

200 i 135 5 138.5- _+3
...................259_..................................................................135.3 1 -.............................................138.3 i_............................._+3

3157 135.0 138 O! ±3

400 134.0 i 137.0', +3
.........................500 _.....................................................................132.0 'i...........................................................135.01]......................±3

630" 130.5 133.5 i -+3
800 129.0 132.0; -+3

........ -125 0 ' 12-5_0 ' .......................................128.0' ..............................-+3

...........................................................................16001 123.0_.....................................i26-_g?.............._3
............2_6, ......................................g2i-_b-:...............................i2a26_..................g_-

.... 25_00; 119.0 _............................-i-22.0r -+3
{} ,?

3200' 117.0g 120.0 -+3
4000 115.0' 118.0 ±3

5000 113.0, 116.01 ±3
6266 ......................................iii767 .................................iial6 .....................g3--

.... 8066 ..........................i6_6h .......................................fi2_6;..............g5....

10000 107.0} 110.0 i ±3......................T...........................................i ...............................................i...................

OASPL _ 145.8 _ 148.8 i +1
r ........... ' , ..... yr, ll T'TI"irr rr "P'r"_............................... "'_ ............... ................ t...............

Table A-9: Acoustic noise spectra.

The tested assembly or subsystem should be appropriately instrumented with

response accelerometers. The accelerometers, in turn, should have flat frequency response

characteristics within +1 dB from 5 Hz to 2 kHz, as should associated data acquisition

electronics.

(6) Pyrotechnic Shock

Pyrotechnic Shock is a design and test condition under which flight hardware is

subjected to a rapid transfer of energy. The energy transfer is associated with the tiring of

an explosive device, usually for the purpose of initiating or performing a mechanical

action. Spacecraft separation events or the release of propulsion system sating devices are

typical such mechanical actions.

A typical pyrotechnic shock requirement is illustrated in the figure below.
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Figure A-9: Typical pyrotechnic shock requirement.

Another possible pyrotechnic shock environment requirement is presented in the

following figure. The shock input is applied at the assembly mounting points in each of 3

orthogonal axes.
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Figure A-IO: Subassembly pyrotechnic shock design requirement.

This spectrum represents a 2_ environmental level. It is intended to encompass

95% of all expected shock environments for all available launch vehicles. For reference,

shock levels from a number of previous programs are also indicated in the figure.

For test purposes, this environment should be considered a qualification level.

Equipment should be exposed to the shock spectrum 3 times in each axis. For devices

with self-contained ordinance, 3 self-induced shocks should also be applied.

The release of energy from an ordnance-containing device and the subsequent

transfer to the surrounding structure represents a very complex event. As a result, it is

difficult to describe the actual shape of the applied shock wave; it is generally not a

simple time-based pulse such as a square or triangular wave. The figure below illustrates

a typical acceleration versus time trace from an actual pyrotechnic shock event.
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Figure A-11: Pyro shock acceleration time history.

Thus, in establishing a pyro shock requirement, no attempt is made to describe the

input pulse, but the frequency-domain response of the structure subjected to the pulse is

described instead. The figure below illustrates a typical measurement of this response.
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Figure A-12: Frequency response to pyro shock.

The failure modes produced by shock excitation can be broadly grouped into four

categories. First are those failures associated with high stresses, such as buckling of long

and slender structures, plastic deformation of structures or fracture in brittle components.

Next are failures due to high acceleration levels, which can cause relays to chatter,

potentiometers to slip and bolts to loosen. Third are problems associated with excessive

displacement, which include broken solder joints, cracked PC boards and wave guides, or

general problems associated with the impact of one structural component into another.

The final category consists of transient electrical malfunctions, which occur only during

application of the shock environment. Such malfunctions occur in capacitors, crystal
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oscillatorsand hybrids,the latter of which can temporarily shortcircuit during a shock
eventdueto contactbetweenthedevicepackageandinternaldiebondwires.

Many studiesregardingthe effects of pyrotechnicshock have been conducted
during the life span of the aerospaceindustry, but one of the best is perhapsthat of
Moening.[73] Conductedby the AerospaceCorporationundercontractto the Air Force
SystemsCommandSpaceDivision, the study examined and summarizedordnance-
relatedshockfailuresoveraperiodspanningsome20years,datingfrom thefirst missile-
related pyro shock failures in the early 1960s to about 1982 when the study was
concluded. A total of 85 flight failure eventsare summarizedin the paper,reflecting
eventsrangingfrom relay chatter,brokenelectricalwires andleads,crackedglassdiodes
or fractureof brittle ceramiccomponentsandanumberof others.

Failure mode sensitivities and cost tradeoffs for the pyrotechnic shock
environmentneedto be discussedin the contextof a particulartesttechnique. The three
principal methodsfor shock testinginclude shakersynthesis,resonantplate testingand
actualfiring of pyrodevices.

In the shaker synthesis technique, the article to be shock tested is mounted to an

electrodynamic vibration shaker using an appropriate fixture. A function generator is

connected to the shaker, and a series of complex sinusoids or similar time-based pulses

are input to the test article in an attempt to generate the desired frequency response

spectrum.

Generally, this is a trouble-prone and ineffective exercise because, as stated above,

a pyro shock pulse rarely manifests itself as a simple function. Furthermore, the shaker

synthesis technique tends to input excessive energy to the structure at low frequencies and

insufficient energy at high frequencies. As a result, hardware subjected to such tests is

often overtested in the low frequency regime and undertested elsewhere.

In an attempt to improve upon the synthesis method, many environmental test

engineers have attempted to modify the input to the shaker using chirp techniques. In this

case, output from the function generator is passed through a graphic equalizer before

being routed to the shaker. The shaker input spectrum is then tuned through an increase

in the gain of high frequency signals, and through an attendant gain reduction at low

frequencies. Unfortunately, such efforts offer marginal improvements at best, due to the

inherent low-pass filter characteristics of a mechanical shaker.

In the resonant plate technique, advantage is taken of the fact that a stiff, free

metal plate can exhibit very high frequency resonances. The article to be tested is

mounted to an aluminum or steel plate, and the plate is subsequently suspended in mid-

air. A metal pendulum is then swung into contact with the plate, inducing transient

vibration. If the frequency response of the mounted test article is measured with an

accelerometer, a plot such as that illustrated in the figure below can result.
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Figure A-13: Response spectrum in resonant plate test.

The Mechanical Impulse Pyro Shock, or MIPS, simulator is a test device which

encapsulates the basic resonant plate shock test parameters in a single, relatively compact

machine. In a MIPS simulator, an aluminum plate is fabricated and allowed to rest on a

foam or plywood pad. The plate is then excited into resonance by the impact of a

pneumatic actuator on a moveable bridge.

Shape of the resulting shock pulse is tailorable with a MIPS simulator, by way of

experimentation. Dimensions of the resonant plate, the strike location of the hammer and

the hammer actuation pressure all affect the resulting shock response spectrum.

Interchangeable impactor heads, fabricated from lead, aluminum or steel, are used to alter

the duration of the applied pulse.

The MIPS table produces a high fidelity simulation of a pyrotechnic event, in that

it generates substantial energy at high frequency in an extremely repeatable manner. The

figure below illustrates the basics of MIPS table construction.
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Figure A-14: Mechanical impulse pyro shock simulator.

Although resonant plate techniques can produce a response exhibiting the desired

trend of increasing acceleration with increasing frequency, they are still less than ideal.

Tuning of the response spectrum such that the correct accelerations occur at the desired

frequencies is difficult, involving modification of the plate thickness, shape or suspension

method, or modification of hammer characteristics. These activities are time consuming

and generally based on trial and error, and do not guarantee generation of the correct

response spectrum.

The best pyrotechnic shock test method, then, is one which utilizes pyrotechnic

devices. Due to safety, facility and related requirements, this can be an expensive

proposition. However, considering the time that might otherwise be wasted during the

construct of a simulation, and considering the potential for overdesign or underdesign of

hardware which could occur if the simulation is inaccurate, the pyro method may in fact

be a bargain. It should be utilized if at all possible.

Armed with our vast knowledge of the primary shock testing methods, we can

now present appropriate test control parameters, the sensitivity of failure modes to

changes in these parameters, and cost tradeoffs associated with each. The table below

provides a summary matrix of this information.
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Recommended Shock Test

Space microelectromechanical systems and related hardware should be tested to

the shock spectrum (Q= 10) provided in the table below, and plotted in the accompanying

figure.

FREQUENCY

(Hz)

100

100-1500

10000

ACCEPTANCE

(G PK)

40

9.2 dB per Octave
2500

PROTOFLIGHT

(G PK)

60

9.2 dB.per Octave
3750

Table A-11: Shock response spectrum (Q=IO).

The input shock pulse time history, applied to the base of the test item, should be

oscillatory in nature and should decay to less than 10% of its peak value within 50

milliseconds. The spectrum shape should be controlled to within +6/-3 dB, and should be

applied in each of three (3) orthogonal axes. At least 30% of spectrum amplitudes should

exceed the nominal test specification. Components which are powered-on during

spacecraft separation should be shock tested in the powered-on state.
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Figure A-15: Shock spectrum.

While dynamics testing is an integral part of preparing MEMS for the space

environment, there are a number of other commonly used packaged parts screens as well.
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